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ABSTRACT 
With the deterioration of highway pavements across the country, more emphasis is being 
laid on the rehabilitation of existing pavements. Unbonded concrete overlay (UBCO) is a 
cost-effective technique used to rehabilitate damaged concrete pavements. The design and 
performance of UBCO rely on various properties of concrete, of which coefficient of 
thermal expansion (CTE) is an important one. Concrete CTE has a direct impact on the 
design and performance of rigid pavements and overlays. CTE regulates the magnitude of 
curling and related stresses that impact the performance of overlays with regards to 
cracking, faulting and pavement roughness. Previous research revealed that thermal 
expansion of concrete is caused by re-distribution of water between capillary pores and gel 
pores in the cement paste with a change in concrete temperature. The volume of these pores 
changes with the ongoing hydration process in the cement paste and thus the CTE of 
concrete also changes with age progression. Several researchers worked on the effects of 
vi 
 
concrete age on CTE but found different conclusions with some researchers opined that 
CTE decreases with age, some said that CTE increases with age, and some said that CTE 
remains constant. Almost all of the previous studies had some limitations i.e. use of old 
test method, short term CTE testing, and not following the test protocol. 
With the above in view, it is a necessity to study the effects of age progression on the CTE 
of paving concrete. The present study involved testing of 7 concrete paving mixes for long 
term CTE ranging from 7 days to 360 days to obtain accurate laboratory test data for further 
analysis. These concrete mixes were collected from different districts of New Mexico 
(NM), prepared from different coarse aggregates with varying mineralogy. The CTE value 
of these mixes varies over a fairly large range i.e. from 3.71 to 5.95 μԐ/˚F. The long term 
CTE test data showed significant effects of age progression on CTE value of paving 
concrete with CTE increasing in the range of 0.33 μԐ/˚F to 0.55 μԐ/˚F with a percent 
increase of 6.4% to 12.6% between 28 days and 360 days. The increase in CTE is different 
for different paving mixes which can be attributed to the difference in mix design 
proportions and different (mineralogy) coarse aggregates being used. This variation in CTE 
may affect the performance of UBCO and use of 28 days CTE may give inaccurate design. 
The impact of coarse aggregate mineralogy on the CTE value was also evident from the 
test data in this study. The CTE values of CA-ID-1, 2, 4, and 7 i.e. granite, dolomite, and 
quartzite are consistently higher than that of CA-ID-3 and 5 which are limestone mixes. 
This confirms the previous research/literature that concrete with limestone aggregate has 
the lowest CTE value as compared to other minerals. 
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The effects of aged CTE on the design and performance predictions of UBCO were 
evaluated by conducting simulations in Pavement ME (Mechanistic-Empirical) Design 
software version 2.3. Time series data for concrete mechanical properties including 
compressive strength, elastic modulus and modulus of rupture (MOR) were obtained by 
laboratory testing of the beam and cylindrical specimens at the age of 7 days to 90 days. 
Inter-conversion models were developed to convert compressive strength to elastic 
modulus and MOR. Analysis showed that these models work better for NM paving mixes 
as compared to the Pavement ME default models. The effects of aged CTE were quantified 
by conducting UBCO design simulations incorporating time series data and using 28 days 
CTE value for each mix and then repeating the process with 360 days CTE value with other 
design variables. The results show that there is a significant impact of CTE variation on 
the performance of UBCO with regards to transverse cracking with a percent increase of 
1.6 to 9.7% while the percent increase of joint faulting is 10% to 19.9%. Further analyses 
were conducted to determine the reduction of overlay service life with an increase in CTE 
from 28 days to 360 days. It is shown that the reduction in overlay service life ranges 
between 4 to 13 years. It is evident from these results that a UBCO designed with 28 days 
CTE value may not be able to perform up to the designed service life as the distresses 
increase with an increase in CTE value which may result in the early failure of overlay 
pavement. 
A prediction model was developed to determine long term CTE incorporating mixture 
volumetrics, concrete strength properties, concrete age and 28 days CTE value. The 
analysis of the developed model showed that the model worked well in predicting aged 
CTE when compared with long term CTE test data. This model can be incorporated in 
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Pavement ME Design software to better predict pavement performance and enhance the 
effectiveness of UBCO design. 
A temperature gradient exists between the top and bottom of the concrete pavement slab 
which results in thermal curling, producing thermal stresses in the pavement. Previous 
practice was to assume a linear temperature gradient in the pavement slab, but later 
researchers found that the thermal gradient is non-linear. In the present study, numerical 
modeling was conducted in finite element software ABAQUS 6.14 to evaluate the impact 
of aged CTE on the stresses in pavement slab incorporating nonlinear temperature gradient. 
As an initial step, pavement slab was modeled with a linear temperature gradient with 
constant CTE value to determine the state of bending stresses through the thickness of the 
pavement slab. The results were compared with previous analytical and numerical studies 
and good match was found. With this analysis, it was deduced that the FE idealization used 
in this study works well and can be further used for nonlinear thermal modeling. As a next 
step, the pavement slab was modeled with a nonlinear temperature gradient and the results 
of bending stresses through the thickness of the slab were determined. These results were 
again compared with the previous studies and matched well with the stress profiles. 
FE modeling was conducted to evaluate the effects of aged CTE (at 360 days) in 
comparison to CTE at 28 days on the stress profiles in concrete pavement slab with a 
nonlinear thermal gradient. The FE idealization used earlier was re-employed for this 
purpose. The results showed that the longitudinal bending stresses at the top and bottom of 
the pavement slab increase significantly with an increase in CTE values. The increase in 
stress values ranges from 6.4% to 12.5%. This increase in stresses may result in increased 
distresses and early deterioration of concrete pavements and UBCOs. It became evident 
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from these results that UBCO designed with CTE value at 28 days may not perform well 
through its designed service life. 
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CHAPTER 1 
INTRODUCTION 
1.1 Problem Statement 
In recent years, the massive increase in highway traffic volume in the United States (USA) 
has led to the early deterioration of highway pavements and a greater reliance on the 
rehabilitation of existing distressed/damaged pavements. Jointed plain concrete pavement 
(JPCP) is the most widely used rigid pavement type in the USA. Unbonded concrete 
overlay (UBCO) is a cost-effective rehabilitation technique to improve the performance of 
the existing deteriorated JPCP. UBCO is the most widely used overlay rehabilitation option 
in the USA (Fick and Harrington 2014). UBCO is a layer of concrete placed over an 
existing JPCP to improve the performance of the existing distressed pavement. The main 
purpose is to preserve and extend pavement service for years beyond the original design 
life. UBCO can accommodate various combinations of design life and traffic loading. Their 
thickness can vary depending on the material properties of overlay concrete, climatic 
factors, existing pavement condition, anticipated traffic volume, and desired design life. 
UBCO involves placement of an inter-layer of hot mix asphalt (HMA), which acts as a 
separation layer between the existing concrete pavement and the overlay. The interlayer 
also called the de-bonding layer or stress relief layer, is usually of 1 to 2 inches thickness. 
The purpose of the interlayer is to separate the existing and overlay concrete layers. It also 
prevents distresses in the existing pavement from reflecting through to the overlay 
(NCHRP 1998). 
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The design process of UBCOs is dependent on various material properties of concrete. In 
several studies of the sensitivity of various factors on rigid pavement performance, the 
coefficient of thermal expansion (CTE) of concrete was identified as a major factor that 
had a measurable impact on the concrete pavement’s performance over time (Schwartz et 
al. 2013). Concrete CTE impacts the performance of UBCO with regards to transverse 
cracking and joint faulting. The magnitude of upward and downward curling of the 
pavement slab is directly proportional to the CTE value. CTE is a measure of concrete’s 
expansion and contraction with the change in temperature. As the length changes in 
concrete, due to temperature change, are very small thus CTE is generally expressed as 
micro-strains per degree temperature change (με/°F). A general range of CTE for Portland 
cement concrete (PCC) paving mixes is between 3.5 to 6.5 με/°F. 
CTE of concrete is caused by re-distribution of water between capillary pores and gel pores 
in the cement paste with a change in temperature (Bazant 1970). The volume of capillary 
pores and gel pores change with the ongoing hydration process in the cement paste 
(Mindess and Young 2003) and thus the CTE of concrete also varies with concrete age. 
Several researchers worked on the effects of concrete age on CTE but found different 
conclusions. Some researchers postulated that the CTE remains statically constant with age 
but some say that aging has a considerable effect on CTE of concrete (Alungbe et al. 1992; 
Won 2005; Tran et al. 2008; Kim et al. 2013; Havel et al. 2014). Also, there has been no 
studies on the long-term effects of concrete age on CTE and further impact of aged CTE 
on the design and performance of UBCOs. Furthermore, 28 days CTE value is being used 
in the design process which may not produce an accurate design of UBCOs as the CTE 
may increase with concrete age and the aged CTE has not been incorporated in the existing 
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design procedures. Hence there is a need to determine the effects of concrete age on CTE 
variation and further impact on UBCO performance, which is the focus of this study. 
At present, almost all the design procedures for UBCOs are based on empirical equations or 
highly simplified linear-elastic mechanistic models. The examples of these design procedures 
are the empirical method developed by U.S Army Corps of Engineers (1970), PCA method 
proposed by Tayabji and Okamoto (1985), Method by Rollings (1988), and AASHTO 1993 
design guide. Pavement ME design (2008) is the latest addition in the design and performance 
evaluation technique based on Miner’s cumulative damage rule and linear elastic mechanistic 
models. All these design procedures along with the other ones have certain limitations. Liao 
and Ballarini (2012) proposed a UBCO design procedure based on structural equivalency 
concept by incorporating non-linear fracture mechanics and cohesive zone modeling. This 
can be considered as a first step towards the use of nonlinear fracture mechanics (NLFM) 
for UBCO design. The NLFM was applied in the shape of the fictitious crack model (FCM) 
employed with the help of the traction-separation model and cohesive elements in a finite 
element framework using ABAQUS. This is an important step in the field of overlay 
design, but this research also had some assumptions which are as follows: 
• The effects of curling due to CTE of concrete and temperature gradient through the 
thickness of the pavement slab were not considered 
• The separation between the existing pavement and the overlay was not considered 
It is evident that almost all of the existing design procedures have neglected the use of CTE 
of paving concrete in the design procedure. Pavement ME Design is the only procedure 
which incorporates CTE in the design process, but it considers a constant value of CTE for 
the pavement service life. The increase in CTE with concrete age may affect the 
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performance of rigid pavements and overlays thus long-term/aged CTE value should be 
incorporated in the design process. With this in view, there is a need to incorporate long-
term CTE in mechanistic modeling to evaluate its impact on the bending stresses in the 
pavement slab. 
1.2 Hypothesis 
1.2.1 Hypothesis One 
CTE affects the long-term performance of UBCO. However, CTE value varies with 
concrete age. To this day, UBCO performance has not been predicted well as the aged CTE 
is not incorporated in the design process. No studies have shown how CTE value varies 
due to long-term aging and its impact on UBCO’s long-term performance. It is 
hypothesized that the variations of CTE with age progression can be measured in the 
laboratory and using those CTE values, it is possible to predict long-term performance of 
UBCO using pavement ME design software. 
1.2.2 Hypothesis Two 
Pavement ME design is the only design method which incorporates the CTE of concrete. 
The finite element model in Pavement ME considers CTE value of 28 days to predict 
bending stresses in pavement slab. It is hypothesized that by incorporating aged CTE in a 
finite element model, it is possible to better capture the aged CTE’s effect on bending 
stresses in the concrete pavement slab. 
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1.3 Dissertation Outline 
This dissertation is sub-divided into eight chapters. The organization of this dissertation is 
as follows: 
Chapter 1: It comprises the introduction, gap in CTE research, and hypothesis. 
Chapter 2: Contains the relevant literature review for this study including the effects of 
CTE on concrete pavements and unbonded overlays, effects of concrete age on CTE of 
paving concrete, incorporation of CTE in pavement ME design and mechanistic modeling 
of concrete pavements incorporating thermal gradient. 
Chapter 3: It explains the methodology and the tasks for each hypothesis. 
Chapter 4: Summarizes the details of concrete mixes used in this study along with the 
experimental work and analysis conducted to evaluate the effects of age progression on 
CTE of paving concrete. 
Chapter 5: Provides the details of experimental work conducted to define the time series 
data of concrete strength properties for quantification of the effects of aged CTE on the 
performance of UBCO along with the details of simulations conducted in Pavement ME 
Design software. 
Chapter 6: Contains the development of prediction models incorporating concrete strength 
properties and mixture volumetrics to predict long-term CTE of paving concrete. 
Chapter 7: Covers the finite element modeling of concrete pavement slab to evaluate the 
effects of aged CTE and nonlinear thermal gradient on bending stresses in pavement slabs. 
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Chapter 8: Comprises the concluding remarks and recommendations for future study. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 The coefficient of Thermal Expansion (CTE) of Concrete 
Concrete expands when its temperature increases and contracts when its temperature 
decreases. The measure of how concrete changes in volume in response to temperature 
change is called the CTE of concrete, defined as the change in unit length per degree of 
temperature change. A description of the CTE phenomenon is shown in Figure 2.1, which 
displays the linear expansion of concrete beam with an increase in temperature and the 
CTE can be calculated with Eq. 1.   
 
 
 
 
 
 
Fig 2.1:  Schematic description of CTE. 
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CTE is generally expressed as micro-strains per unit temperature change and CTE of 
paving concrete ranges from 3.5 to 7 μԐ/˚F. 
2.1.1 Test protocol to determine CTE 
The test method to determine the CTE was first accepted as an American Association of 
State Highway and Transportation Officials (AASHTO) provisional test method TP-60 in 
2000 and became a full test protocol as AASHTO T-336 in 2010. The anomalies observed 
in AASHTO TP-60 were rectified and the test protocol was refined for accurate testing of 
concrete for determining the CTE value of concrete. 
2.1.2 Factors affecting CTE of concrete 
The CTE of a concrete paving mixture depends significantly on the aggregate type and 
degree of saturation. Since coarse aggregate makes up the bulk of the volume of concrete, 
the most influential factor in the CTE of the concrete is the CTE of the coarse aggregate.  
Quartz has the highest CTE of the coarse aggregate types commonly used in concrete 
pavement construction, and the CTEs of other commonly used coarse aggregate types 
depend largely on their quartz content. The coarse aggregate has the most effect on the 
CTE value, but the fine aggregate is also a factor. Natural sands are typically high in silica 
(high CTE) and manufactured/crushed limestone fine aggregates are lower in CTE. The 
range of CTE values for different concretes reflects the variation in the CTE of the 
concrete's component materials. In general, CTE of cement paste lies between 6.1 to 11.1 
micro-strains/°F (11 to 20 micro-strains/°C), which may be twice that of the CTE of 
aggregate (Meyers 1951). However, the CTE of concrete is dominated by the CTE of 
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aggregate because of the high volume of aggregate in the concrete. Other variables 
influencing the CTE of concrete are the type of coarse aggregate, the age of the paste, and 
the distribution of moisture within the pore structure (Sellevold and Bjontegaard 2006). 
2.1.3 Role of CTE in concrete pavement performance 
Sabih and Tarefder (2016) conducted a study on CTE impact on the mechanistic-empirical 
performance of JPCP and found that CTE has a significant effect on pavement 
performance. They concluded that as the CTE value increases, the pavement deteriorates 
more. Huang (2004) indicated that concrete pavement distresses are directly related to the 
thermal properties of concrete. 
CTE plays a pivotal role in the design of concrete pavement as the magnitude of curling 
and respective stresses are dependent on the CTE of concrete. Figure 2.2 shows the 
downward curling of a concrete pavement slab with a positive temperature gradient 
through the thickness of the slab, which means that top surface of the slab is at a higher 
temperature than the bottom of the slab (usually happens during the day time). This results 
in downward curling of the pavement slab and slab lift off from the center that makes the 
pavement slab unsupported from the center. When wheel load is at the top center of the 
slab, tensile stress is generated at the bottom center of the slab. These repeated tensile 
stresses cause bottom-up cracking of the pavement slab.  
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Fig 2.2: Pictorial view CTE effects on concrete pavement slab with downward curling 
Similarly, when there is a negative temperature gradient in the pavement slab (usually 
during night time), the slab curls upward (shown in Figure 2.3) and with wheel loads at the 
edges results in tensile stresses at the top center of the slab, which causes top-down 
cracking of pavement slab on repeated applications. The upward curling of the pavement 
slab due to a negative thermal gradient also results in slab lift-off at the transverse joints 
and creates void spaces between the slab edges and the sub-layer. The sublayer gets 
exposed to the ingress of moisture and with repetitive heavy traffic loading, the sublayer 
starts to erode resulting in joint faulting. Higher CTE means the higher probability of 
curling causing higher pavement distresses during the design life if other conditions remain 
the same. 
The magnitude of temperature related pavement deformations is directly proportional to 
the CTE value during early ages as well as during the pavement design life. These 
deformations, in combination with the restraint offered by the base layer and slab weight, 
affect the resulting curling stresses in the hardened slab both during the early stages and in 
the long term. Using an inaccurate value of CTE may, therefore, lead to erroneous 
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assumptions about the pavement's thermal response and possible distress. One of the keys 
to characterize the effects of thermal properties on a concrete pavement's structure is to 
account for thermal movements. Accurate values of the CTE are needed to predict potential 
thermally induced movements in a concrete pavement. J. Mallela et al. found that CTE 
affects the following aspects of pavement performance (Mallela et al. 2005): 
• Early-age or premature cracking, if the excessive longitudinal slab movement (i.e. 
movement in the direction of traffic) caused by high CTE concrete is resisted by 
restraint forces (e.g., slab–base friction). 
• Higher mid-panel transverse and longitudinal fatigue cracking caused by higher 
curling stresses. 
• Higher amounts of faulting caused by a greater loss of slab support, larger joint 
openings during adverse seasons, and greater corner deflections from curling. 
 
 
 
 
 
 
 
 
Fig 2.3: Pictorial view CTE effects on concrete pavement slab with upward curling 
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Tanesi et al. (2008) determined the effect of the variability of the CTE on the predicted 
pavement performance. They performed a sensitivity analysis by varying the CTE values 
on JPCP and found that with the increase in CTE value, the percentage of cracked slabs 
also increases. Hein (2012) described that thermal expansion and contraction of a concrete 
pavement can have a significant effect on its performance. Thermal contraction can result 
in transverse cracking of slabs depending on the joint spacing. Thermal effects also impact 
slab bending and curling and when joints/edges are curled upwards, they do not have full 
contact with the base and are subject to cracking under traffic loading. This could be 
particularly significant for long, thin slabs under heavy, frequent loading. The results of 
the sensitivity analysis indicate that the selection of the appropriate value for the coefficient 
of thermal expansion is important in the consideration of rigid concrete pavements. He 
gave the following conclusions from his analysis: 
• The CTE significantly impacts the amount of joint faulting 
• The CTE has a lesser impact on the percentage of cracked slabs. However, the 
percentage of crack slabs increases as the slab width is reduced and the traffic level 
is increased  
• Variation in the CTE has a lesser impact on the projected roughness of the 
pavement 
With the advent of Pavement ME Design, which is the latest design tool in the United 
States, the importance of CTE of concrete has been widely accepted and a lot of research 
is going on to determine the effects of CTE on rigid pavement design and performance. 
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Pavement ME design uses various inputs of concrete strength and thermal properties in the 
design process. Among these, CTE of concrete at the age of 28 days is an important input. 
2.1.4 Effects of concrete age on CTE 
Many researchers worked on the effects of different variables including concrete age on 
CTE values of concrete mixes but found contradicting conclusions. Some researchers opine 
that the CTE remains statically constant with concrete age but others say that age has a 
considerable effect on CTE of concrete. A brief description of previous studies is presented 
in this section. 
Alungbe et al. (1992), conducted experimental work on the effects of aggregate type and 
concrete age on the magnitude of CTE. Three types of aggregate were investigated 
including porous limestone, dense limestone, and river gravel. Three combinations of water 
to cement ratio and cement content were studied as well as two curing durations (28 and 
90 days). Another variable was the specimen condition with two levels, water-saturated, 
and oven-dried. A length comparator was used to measure the length changes of specimens. 
The specimens were square prisms with dimensions of 3 x 3 x 11.25 in. In this study, the 
concrete samples with porous limestone as coarse aggregate, had a CTE that ranged from 
5.42 to 5.80 μԐ/˚F, concrete samples produced from dense limestone had a range of 5.82 
to 6.14 μԐ/˚F, and concrete samples made of gravel coarse aggregate had a CTE range of 
6.49 to 7.63 μԐ/˚F. A statistical analysis (factorial design) was used to study the effect of 
different variables on CTE magnitude. Based on statistical analysis, the authors concluded 
that aggregate type significantly affects the CTE value, but water to cement ratio and 
cement content have no effect on the CTE. There was no significant difference between 
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samples with different curing durations in water-saturated specimens. However, the CTE 
values of the 28-day cured specimens were higher than the value of 90-day cured samples 
in oven-dried specimens. 
Won (2005) evaluated the effect of coarse aggregate type on the CTE along with the effect 
of concrete age, and size of the specimen. The CTE calculation method was different from 
the TP60 protocol and was based on a regression analysis between temperature and 
displacement readings. Concrete cylinders were tested over a period of 3 weeks and it was 
found that the age of concrete had little effect on CTE for up to three weeks. For the effect 
of aggregate type on the CTE value, it was indicated that concrete specimens fabricated 
using the limestone aggregate sources had CTE values of about 4.44 μԐ/˚F with a 
variability of 0.4 μԐ/˚F whereas, concrete specimens fabricated with gravel as coarse 
aggregate had a CTE range of 4.5 to 7.2 μԐ/˚F. It was concluded that this variability is 
attributed to the different geological make-up of the gravel sources. 
Tran et al. (2008) evaluated the effects of mixture properties on concrete CTE. Twelve 
concrete mixtures were prepared using four aggregate types including limestone, 
sandstone, syenite, and gravel. For each mixture, three replicates were fabricated and the 
samples were tested at 7 and 28 days. The range of the CTE values was approximately 5 
to 7 μԐ/˚F. The mixtures made with limestone and syenite had the lowest average CTE of 
about 5.2 μԐ/˚F while mixtures made with gravels had the highest average CTE value of 
approximately 6.9 μԐ/˚F. After conducting a multi-factor analysis of variance (ANOVA) 
on mixture properties, it was reported that the aggregate type had a pronounced effect on 
the CTE. The fully saturated concrete specimens showed no significant difference in their 
respective CTE values at 7 and 28 days. 
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Shin and Chung (2011) investigated the effects of age on CTE, by measuring the CTE at 
3, 5, 7, 14, 28, 60, and 90 days for concrete prepared with different aggregates. They 
concluded that the CTE at different ages of the mixtures fluctuated within 0.2 με/°F and 
verified by the statistical analysis (ANOVA) that there was no significant difference due 
to concrete age but this statistical analysis cannot be compared with the effects on 
pavement performance.  
Kim et. al (2013) found with Statistical analyses of the experimental data that the CTEs 
measured at 120 days are significantly lower than those measured at 28 days. They 
concluded that the magnitude of the measured CTE is significantly (statistically) influenced 
by the age of the sample at the time of testing.  
Havel et al. (2014) conducted a CTE experimental study on concrete mixes with three 
Basaltic coarse aggregates. They performed CTE testing at the age of 28 and 56 days and 
confirmed that CTE values of paving mixes vary with age of specimens. Jeong et al. (2012) 
performed their research on one concrete mix with sandstone as coarse aggregate. They 
used one cylindrical sample to observe CTE variation with age and implied that there is no 
CTE variation after the age of 10 hours up to the age of 180 days. They did not follow the 
standard test protocol for their testing. 
As concrete is a composite material comprising aggregates, water and cement. Cement and 
water make the cement paste. Thus, concrete CTE is dependent on CTE of hardened cement 
paste and CTE of aggregates. CTE of hardened cement paste is caused by internal re-
distribution of water between capillary pores and gel pores (Helmuth, 1961; Bazant, 1970; 
Sellevold, 2006). Volume of these pores varies with the age/hydration process (Mindess, 
2002; Neville, 2011) thus it can be assumed that CTE varies with concrete age. The rising 
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temperature causes immediate expansion due to increased pore water pressure in gel pores 
followed by a gradual flow of water out of the gel pores to capillary pores causing 
contraction. The immediate expansion of gel pores causes thermal expansion of concrete 
or CTE. Since, the volume of gel pores increases with the concrete age/hydration process 
thus, CTE of concrete increases with concrete age. The hydration process in concrete is a 
slow process which almost culminates at 360 days thus it is viable to assume that CTE 
values may increase up to 360 days of concrete age. 
2.1.5 CTE prediction models 
Concrete is a composite mixture of cement, coarse aggregate, fine aggregate, and water. A 
volumetric schematic of a concrete mix is shown in Figure 2.4. CTE of concrete is 
dependent on its constituents as different constituents have different CTEs. Various 
prediction models for determination of CTE of concrete have been proposed in the 
literature. Emanuel and Hulsey (1977) proposed a CTE model based on the volumetric 
weighted average of the constituents. The model can be described as shown in Eq. 2. 
 
][ CACAFAFASPAMTT fff  ++=                                                          (2.2) 
where 
=T CTE of concrete 
=Tf correction factor for temperature alternations (considered unity for controlled 
environment) 
=Af correction factor for age based on moisture content (considered unity up to 6 months 
age) 
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=P proportion by volume of cement paste 
=S CTE of saturated cement paste 
=FA proportion by volume of fine aggregate 
=FA CTE of fine aggregate 
=CA proportion by volume of coarse aggregate 
=CA CTE of coarse aggregate 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2.4: Average percentage of concrete constituents. 
Another model was proposed by Neekhra et al. (2004) (based on the concept of Hirsch’s 
composite model) for determination of CTE of concrete. CTE of mortar and coarse 
aggregate are the two main inputs. The model is shown in Eq. 3. 
 
Air 6% 
Water 16% 
           Cement 11% 
Fine aggregate 26% 
Coarse aggregate 41% 
VCA 
Vpaste Vmortar 
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where 
=amT  ,, CTE of concrete, mortar and coarse aggregate respectively 
=am VV , volume fraction of mortar and coarse aggregate 
=am EE , elastic modulus of mortar and aggregate 
X = relative proportions of material conforming with an upper and lower bound solution 
(considered as 0.5) 
Pavement ME design uses a CTE prediction model based on concrete mix volumetrics as 
shown in Eq. 4 (AASHTO 2008). 
pastepasteCACAT VV +=                                                                                       (2.4) 
where 
=pasteCAT  ,, CTE of concrete, coarse aggregate and cement paste respectively 
=pasteCA VV , volume fraction of coarse aggregate and cement paste 
It is evident that all of these models do not consider concrete age in the determination of 
CTE of concrete which has a significant effect on CTE thus there is a need to include 
concrete age factor in CTE prediction model. 
2.2 Design of UBCOs with Pavement Mechanistic-Empirical (ME) Design 
Unbonded concrete overlay (UBCO) is a cost-effective rehabilitation technique to improve 
the performance of the existing distressed JPCP. The usage of different types of overlays 
in the United States is shown in Figure 2.5 which clearly suggest that UBCO is the most 
widely used overlay option being used (Fick and Harrington, 2014).  
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Fig 2.5:  Usage of various overlay types in the United States. 
UBCO includes the placement of a new JPCP over the existing distressed JPCP with an 
HMA interlayer between the two. The thickness of the overlay varies depending on the 
material properties of overlay concrete, climatic factors, existing pavement condition, 
anticipated traffic volume, and desired design life. A general layout of UBCO is shown in 
Figure 2.6. The purpose of the interlayer is to prevent the distresses in the existing JPCP 
from reflecting through to the overlay, generally known as reflection cracking (NCHRP 
1998). 
 
Fig 2.6:  Schematic of unbonded JPCP overlay 
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2.2.1 Analysis of UBCO with Pavement ME Design 
Pavement ME design (previously known as MEPDG) is the latest tool for design and 
performance analysis of all types of pavement systems including UBCOs. It is based on 
mechanistic-empirical design concepts meaning that the design procedure calculates 
pavement responses such as stresses, strains, and deflections under axle loads and climatic 
conditions and then accumulates the damage over the design analysis period. The 
procedure then empirically relates calculated damage over time to pavement distresses and 
smoothness based on the performance of actual projects throughout the United States. ME 
design uses a mix of algorithms and models to characterize new or existing pavement 
foundation, structure, layer materials, traffic, and climate and simulate 
stress/strains/deflection due to the interactions between applied traffic load and climate. 
The resulting damage manifested as different performance parameters over the design life 
of a pavement is then calculated (Mallela et al. 2014).   
The design of UBCOs is dependent on various material properties of concrete which affect 
the performance of the overlay over the service life. In a recent study of the sensitivity of 
various factors on rigid pavement performance, the coefficient of thermal expansion (CTE) 
of concrete was identified as a major factor that had a measurable impact on the concrete 
pavement’s performance over time (Schwartz et al., 2013). The importance of CTE in 
UBCO design was studied and it was found that CTE has significant effects on the 
performance of the overlays including transverse cracking, joint faulting and pavement 
roughness (Sabih and Tarefder 2017). Thus, accurate determination of CTE is necessitated 
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for accurate design of unbonded overlays which can perform effectively through its service 
life.  
2.2.2 Performance indicators for unbonded JPCP overlays 
The performance indicators for unbonded JPCP overlays are joint faulting, transverse 
cracking and pavement roughness (measured as international roughness index, IRI) as per 
the pavement ME design. The threshold and reliability limits for each of the performance 
indicator is required to be set by the agency (NCHRP 2014). 
2.2.3 Equivalency Concepts Incorporated in Pavement ME Design 
Equivalency concepts were incorporated in pavement ME design i.e. equivalent thickness, 
equivalent temperature gradient, and equivalent slab. These concepts were used to obtain 
a rapid solution of the concrete pavement systems. These concepts are further elaborated 
in the succeeding paras. The multilayered pavement system is shown in Figure 2.7. 
 
 
 
 
 
 
 
Fig 2.7: Parameters in multi-layered pavement system 
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The equivalent single layer slab concept states that stresses in a multi-layered slab can be 
found from the corresponding stresses in the equivalent homogeneous plate that exhibits 
the same deflection profile as the in-situ pavement (Ioannides et al. 1992). The thickness 
of the equivalent slab is defined as follows: 
  3
33 ............++= base
PCC
base
PCCeff h
E
E
hh           (2.5) 
where 
heff = equivalent slab thickness 
EPCC= PCC modulus of elasticity 
Ebase = base modulus of elasticity 
hPCC = PCC thickness 
hbase = base thickness 
2.2.3.2 Equivalent Temperature Gradient Concept 
The equivalent temperature gradient concept for a non-uniform, multi-layered slab was 
developed (Khazanovich 1994, Ioannides and Khazanovich 1998). This concept states that 
if two slabs have the same plane-view geometry, flexural stiffness, self-weight, boundary 
conditions, and applied pressure, and rest on the same foundation, then these slabs have 
the same deflection and bending moments distributions if their through-the-thickness 
temperature distributions satisfy the following condition: 
 −=−
b
a
h
bbbbaa
h
aa zdzTzTzzEzdzTzTzzE ))()(()())(()()( ,0,0        (2.6) 
where 
a and b = subscripts denoting two slabs 
z = distance from the neutral axis 
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T0 = temperature at which these slabs are assumed to be flat 
α= coefficient of thermal expansion 
E = modulus of elasticity 
h = slab thickness 
 
The overlay slab thickness is distributed in 11 evenly spaced nodes with their respective 
temperatures i.e. T1, T2,……..T11 (as shown in Figure 2.7). The non-linear temperature 
distribution throughout the multi-layered slab thickness was split into three components 
i.e. the part that causes constant strain throughout the slab thickness, the part that causes 
strain linear throughout the slab thickness and the part that causes nonlinear strain. 
The constant strain temperature component does not cause any stresses in the PCC slab 
and the base layer if they are not restrained from the horizontal movement. The nonlinear 
strain component of the temperature distribution induces the following stresses: 
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where 
σPCC, NL = stress at bottom of overlay slab caused by the nonlinear strain component of the 
temperature distribution 
T1  =Temperature at top of the overlay slab 
T11  = temperature at the bottom of the overlay slab 
PCC = coefficient of thermal expansion of overlay concrete 
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= effT Difference between temperatures at the top and bottom of the effective slab 
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The bottom surface stress in the overlay slab caused by the linear strain temperature part 
can be found from the stress in the equivalent slab using the following relationship: 
eff
eff
PCC
LPCC
h
h
 =,          (2.9) 
where 
σPCC, L = stress at bottom of overlay slab caused by the linear strain component of the 
temperature distribution 
σeff = bottom surface stresses in the equivalent slab (determined from the finite element 
model) 
2.2.4 Transverse Cracking Model 
This parameter is calculated as a percent of slabs with transverse cracks and combines the 
percentage of slabs with top-down transverse cracks and the percentage of slabs with 
bottom-up transverse cracks. Bottom-up cracking occurs when the truck axles are near the 
longitudinal edge of the slab, midway between the transverse joints, critical tensile stress 
occurs at the bottom of the slab under the wheel load. This stress increases greatly when 
there is a high-positive temperature gradient through the slab (the top of the slab is warmer 
than the bottom of the slab). Repeated loadings of heavy axles under those conditions result 
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in fatigue damage along the bottom edge of the slab, which eventually results in a 
transverse crack that propagates to the surface of the pavement.  
Top-down cracking is a result of repeated loading by heavy trucks when the pavement is 
exposed to high negative temperature gradients (the top of the slab cooler than the bottom 
of the slab). It eventually results in a transverse crack that is initiated on the surface of the 
pavement. The critical wheel loading condition for top-down cracking involves a 
combination of axles that loads the opposite ends of a slab simultaneously. In the presence 
of a high-negative temperature gradient, such load combinations cause high-tensile stress 
at the top of the slab near the critical pavement edge. Major factors that affect transverse 
cracking are CTE of PCC, slab thickness, joint spacing, slab widening, and concrete 
strength (NCHRP, 2003). 
Transverse slab cracking predictions are calculated from a set of equations as follows 
(AASHTO 2008):  
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where MOR = Modulus of rupture of the concrete; σ = Critical stress in the slab; Napplied 
=Applied number of load applications; Nallowable = Allowable number of load applications; 
C1, C2, C4, C5  = Calibration coefficients  
Total transverse cracking predictions are calculated as follows (AASHTO 2008).
100*)*( downtopupbottomdowntopupbottomcrack CrackCrackCrackCrackT −−−− −+=                 (2.12)  
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where Tcrack = Total transverse cracking (percent); CrackBottom-up = Predicted amount of 
bottom-up transverse cracking (fraction); CrackTop-down = Predicted amount of top-down 
transverse cracking (fraction)  
There are four calibration coefficients which can be categorized into two groups. C1 and 
C2 are related to the stress ratio (MOR/σ) for fatigue damage estimation and C4 and C5 are 
in the transverse-cracking transfer model to convert fatigue damage estimations into 
transverse-cracking predictions. 
 
2.2.5 Joint Faulting Model 
Transverse joint faulting is the differential elevation across the joint measured 
approximately 0.3 m from the slab edge. Since joint faulting varies significantly from joint 
to joint, the mean faulting of all transverse joints in a pavement section is the parameter 
predicted by the ME design software. The unit of faulting is mm or inch. ME design uses 
an incremental approach method for calculation of mean transverse joint faulting. Based 
on this method, faulting values for each month is calculated and summed, beginning with 
the traffic opening date, to determine the faulting value at any time. Transverse joint 
faulting prediction is calculated from the following set of equations (AASHTO 2008): 
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where Faultm = Mean joint faulting at the end of month m; ΔFAULTi = Incremental change 
(monthly) in mean joint faulting during month I; FaultMaxi = Maximum mean transverse 
joint faulting for month I; FaultMax0 = Initial maximum mean transverse joint faulting; 
Erod = Base/subbase erodibility factor; DEi = Differential density of energy of subgrade 
deformation accumulated for month I; δcurl = Maximum mean monthly slab corner upward 
deflection in PCC due to temperature curling and moisture warping; Ps = Overburden on 
subgrade; P200 = Percent subgrade material passing #200 sieve; Wet Days = Average annual 
number of wet days; C1, 2, 3, 4, 5, 6, 7, 12, 34 = Calibration coefficients  
 
2.2.6 Pavement Roughness Model 
Pavement roughness is generally defined as an expression of irregularities in the pavement 
surface that adversely affect the ride quality of a vehicle. Roughness is an important 
pavement characteristic because it affects not only ride quality but also vehicle delay costs, 
fuel consumption, and maintenance costs. Roughness is typically quantified using 
international roughness index (IRI) and it is used to define a characteristic of the 
longitudinal profile of a traveled wheel-track and constitutes a standardized roughness 
measurement. The commonly recommended units are cm/km or in/mile.  
The Pavement ME design IRI prediction model for JPCP systems consists of the transverse 
cracking prediction, the joint faulting prediction, the spalling prediction, and a site factor, 
along with calibration coefficients. IRI prediction model is as follows: 
SFCJSPFaultCSpallCCrackCIRIIRI ini ++++= 4321 )/5280(     (2.17)                          
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Where IRI = Predicted IRI; IRIini = Initial smoothness measured as IRI; Crack = Percent 
slabs with transverse cracks (all severities); SPALL = Percentage of joints with spalling 
(medium and high severities); Fault = Total joint faulting cumulated; SF = Site factor; C 1, 
2, 3, 4 = Calibration coefficients; JSP = Transverse joint spacing 
2.2.7 CTE incorporation in Pavement ME Design 
The stress/strain relation with regards to CTE is generally expressed as follows: 
 PCCTTT E= )(                                                                                    (2.18) 
TTT =          (2.19) 
where 
T  = CTE of concrete 
T  = stress due to thermal gradient 
T  = temperature difference between top of the slab and bottom of the slab 
EPCC = elastic modulus of concrete 
T  = strain due to temperature gradient 
 
Pavement ME design uses an extended form of this relation to determine the bending stress 
at the bottom surface of the pavement slab by combining the stresses due to thermal 
gradient and the stresses due to traffic loading to quantify the overlay distresses with the 
help of performance prediction models. The bending stress at the bottom surface of the 
overlay slab is a function of various factors including CTE of concrete as shown in Eq. 
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2.20 (NCHRP 2003). This also signifies the importance of CTE in the overlay design and 
performance prediction process. 
),,,,,( effeffPCCPCCTTPCC hhEf  =       (2.20) 
where 
=PCC  combined bending stresses at the bottom surface of overlay slab 
T  = CTE of concrete 
T  = temperature difference between top of the slab and bottom of the slab 
EPCC = elastic modulus of concrete 
=PCCh   overlay slab thickness 
=++= 3 33 ..........
PCC
base
basePCCeff
E
E
hhh  equivalent slab thickness of multi pavement layers 
Ebase = elastic modulus of base layer 
=baseh   thickness of sub layer 
=eff  bottom surface stresses in equivalent slab due to traffic loading 
 
As described earlier, the faulting distress is dependent on upward curling of the pavement 
slab and the magnitude of curling is a function of various factors including CTE of concrete 
as shown in Eq. 2.21 (NCHRP 2003). Higher CTE combined with negative temperature 
gradient will result in higher upward curling of the overlay slab which will produce a 
greater amount of joint faulting. 
 
),,,,,,,(  klJSPhhf effPCCTTcurl =       (2.21) 
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where 
=curl the magnitude of deflection due to curling 
T  = CTE of concrete 
T  = temperature difference between top of the slab and bottom of the slab 
=PCCh   overlay slab thickness 
=++= 3 33 ..........
PCC
base
basePCCeff
E
E
hhh  equivalent slab thickness of multi pavement layers 
JSP = transverse joint spacing of overlay slab 
=l radius of relative stiffness of the overlay concrete = 4
2
3
)1(12 k
hE effPCC
−

 
K = modulus of subgrade reaction 
u = poisson’s ratio of overlay concrete 
These effects of CTE on the structural response and performance predictions (including 
transverse cracking, joint faulting, and international roughness index, (IRI)) of UBCO can 
be summarized as shown in Figure 2.8. 
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Fig 2.8:  Effects of CTE on UBCO response. 
 
2.3 Mechanistic Modelling of Pavement Slab Incorporating Aged CTE 
 
A UBCO pavement system consists of the existing damaged/distressed concrete pavement, 
a thin HMA interlayer, and a new JPCP overlay. The HMA interlayer allows stress relief 
between the overlay and the existing pavement and serves to prevent the reflection cracking 
Structural Response Phase 
Coefficient 
of thermal 
expansion 
 
 
 
 
Performance Prediction Phase 
 
 
CTE↑ ↔ ↑ 
CTE↑ ↔ ↑ 
 
CTE↑↔Crack↑ 
CTE↑↔Fault↑ 
CTE↑↔IRI↑ 
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from the existing pavement to the overlay layer. Consequently, UBCOs can be used for 
rehabilitation of badly damaged existing pavements, minimizing pre-overlay repairs and 
reducing construction costs. UBCOs can be used under any traffic level and climate scenario. 
The method of construction of UBCOs is similar to that of conventional concrete pavements 
and does not require specialized equipment. With all this, UBCOs is becoming an attractive 
option for concrete pavement rehabilitation. 
 
2.3.1 Existing Design and Performance Evaluation Procedures for UBCOs 
The existing design procedures for UBCOs are based on empirical equations or highly 
simplified mechanistic models. The examples of these design procedures are the empirical 
method developed by U.S Army Corps of Engineers in 1970 and PCA method proposed by 
Tayabji and Okamoto (1985), which is based on mechanistic models and does not consider 
HMA interlayer. Pavement ME design was the latest addition in the design and performance 
evaluation technique based on Miner’s cumulative damage rule and simple linear-elastic 
mechanistic models. All these design procedures along with the other ones have certain 
limitations. Liao and Ballarini (2012) developed a new design procedure for UBCOs based on 
nonlinear fracture mechanics (NLFM) by incorporating cohesive zone elements. This design 
procedure is based on structural equivalency concept which is the maximum load achieved 
during failure simulation. Effects of thermal curling and the impact of CTE were not considered 
in this design technique. 
The summary of design procedures being used in the United States for the design of 
UBCOs is given in Table 2.1 which provides a clear picture of the material properties 
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incorporated, design factors considered, techniques of numerical modeling, methods of 
analysis etcetera for each design procedure. 
It is evident from this comparison that almost all of the design procedures have some 
shortcomings. The latest development in the design procedure is from Ballarini and Liao 
(2012) which incorporates the NLFM in the design process but does not consider the effects 
of CTE and temperature curling. Pavement ME Design procedure is the only design 
method which incorporates CTE of paving concrete, but this method considers CTE to be 
constant over the design life and does not include aged CTE. As the aged CTE significantly 
impacts the concrete pavement/overlay performance and design life, thus there is a need to 
incorporate aged CTE and nonlinear thermal gradient to better predict the bending stresses 
in the pavement slab. 
Table 2.1:  Design Factors Considered by Existing UBCO Design Procedures 
Design 
Factors 
UBCO Design Procedure 
  
Corps of 
Engineers 
(1970) 
Portland 
Cement 
Association 
(1985) 
Rollings 
(1988) 
AASHTO 
(1993) 
Pavement 
ME Design 
(2008) 
Balarini & 
Liao (2012) 
Analytical 
model 
Empirical 
equation 
Plate 
theory 
Layered 
elastic 
theory 
Empirical 
equation 
Plate 
theory / 
Miner's 
cumulative 
damage 
rule 
Fictitious 
crack model / 
structural 
equivalency 
concept 
Numerical 
model 
Not 
considered 
Linear 
elastic 
finite 
element 
Not 
considered 
Not 
considered 
Linear 
elastic 
finite 
element 
Non-linear 
fracture 
mechanics / 
traction-
separation 
model 
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Interface 
condition 
Design 
equation 
adjusted 
for level 
of 
bonding 
Unbonded 
Varies 
between 
full 
bonding 
and 
completely 
unbonded 
Considers 
overlay to 
be fully 
unbonded 
Unbonded Bonded 
Cracking 
in base 
pavement 
before 
overlay 
Effective 
thickness 
of base 
pavement 
is reduced 
Included 
directly in 
calculation 
of stresses 
using soft 
elements 
Modulus of 
elasticity of 
base 
pavement 
is reduced 
Effective 
thickness 
of base 
pavement 
is reduced 
Modulus of 
elasticity of 
base 
pavement 
is reduced 
Reflection 
cracking 
considered 
CTE and 
Temperat
ure 
curling 
Not 
considered 
Does not 
affect 
thickness 
selection 
Not 
considered 
Assumes 
AASHTO 
Road Test 
conditions 
Considered 
Not 
considered 
Interlayer 
Not 
considered 
Not 
considered 
No 
recommend
ation 
provided 
Recommen
ds 1in. 
thick HMA 
interlayer 
Considered Considered 
 
2.3.2 Temperature Gradient and Thermal Curling in Concrete Pavements 
Concrete pavements are subjected to traffic and environmental loading which induces 
distresses in the pavement slab including cracking and joint faulting. Besides other factors, 
pavement temperature is an important factor in concrete pavement design, and especially, 
daily temperature fluctuations within the concrete slab significantly influence the pavement 
behavior. 
A temperature gradient exists between the top and bottom of the concrete pavement slab 
which results in thermal curling, producing thermal stresses in the pavement. The 
magnitude of curling also affects the degree of support provided by the base layer, which 
impacts the load induced stresses. The thermal stresses in combination with curling and 
load induced stresses result in the cracking of concrete pavement slabs. Westergaard (1927) 
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was the first to provide an analytical solution for thermal stresses in concrete pavements. 
The major restrictive assumption of that solution was to consider a linear temperature 
gradient through the slab thickness. Teller and Sutherland (1935) found that the 
temperature distribution through the thickness of the pavement slab is nonlinear, which can 
be attributed to material and geometrical nonlinearities. Bradbury (1938) extended 
Westergaard's work to derive an approximate solution to determine maximum stresses in 
the finite concrete slab. Lang (1941) found that the difference in stresses between nonlinear 
and linear temperature gradient is not significant enough to be considered in pavement 
analysis. Later, numerous researchers discovered and emphasized the significance of 
temperature nonlinearity as it affects pavement performance in a substantial manner. More 
recently, with the development of the finite element (FE) analysis softwares such as 
ABAQUS, ANSYS, LS-DYNA, and EverFE more researchers are attracted to the use of 
such tools to determine the effects of thermal curling on concrete pavements. Choubane 
and Tia (1992) stated that assuming a linear temperature profile may lead to a significant 
amount of errors in computing thermal stresses in comparison to the nonlinear temperature 
distribution. While most of the researchers worked on thermal curling with a linear 
temperature gradient, very few have conducted investigations with nonlinear temperature 
profiles of concrete pavement slabs. 
The curling magnitude and related thermal stresses of concrete pavement slab are a 
function of the concrete’s ability to expand and contract with change in temperature. This 
characteristic is measured in terms of the coefficient of thermal expansion (CTE). Higher 
CTE is associated with higher curling and increased thermal stresses. Various researchers 
have found that the CTE of concrete changes with concrete age along with other factors. 
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Currently, the CTE value of concrete at 28 days is being used in the design and analysis of 
concrete pavements. However, it is important to know whether CTE value keeps changing 
as concrete ages and whether those changes are significant in terms of curling stresses or 
concrete slab cracking.  
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CHAPTER 3 
METHODOLOGY 
 
The research methodology is presented in this chapter for the hypothesis outlined in 
Chapter 1 of this study. 
3.1 Incorporating Aged CTE in Design and Performance Prediction of UBCOs 
 
3.1.1 Laboratory Testing of CTE of Concrete Paving Mixes at 28, 60, 90, 120, 180, 
240, 300 and 360 days 
The concrete cylindrical specimens will be tested for CTE according to the AASHTO T336 
test protocol to determine the CTE variation with concrete age progression. The long-term 
CTE data will be analyzed to determine the CTE increase up to 360 days and the effects of 
coarse aggregate mineralogy on CTE of paving concrete. 
3.1.2 Laboratory Testing of Paving Mixes for Compressive Strength, Elastic Modulus 
and Flexural Strength to Generate Level 1 Inputs for Pavement ME Design 
The paving mixes will be used to prepare beam and cylindrical specimens and experimental 
investigation will be conducted according to the standard test protocols to determine time 
series inputs of compressive strength, elastic modulus and MOR for further use in 
Pavement ME Design simulations. The inter-conversion models for compressive strength, 
elastic modulus and MOR will be optimized according to the time series data of the tested 
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concrete paving mixes. The impact of time series data of concrete mechanical properties 
and CTE values on design and performance of UBCOs will be conducted in comparison to 
the Pavement ME default inputs of these material properties.   
3.1.3 Quantifying Effects of CTE Variation on UBCO Performance by Pavement ME 
Design Simulations 
The time series data of concrete mechanical properties along with the aged CTE to quantify 
the effects of aged CTE on the performance of UBCOs and on the overlay service life. 
3.1.4 Development of Long-term CTE Prediction Models Incorporating Mix 
Volumetrics and Concrete Strength Properties 
The currently used CTE prediction models do not consider the effects of age progression 
thus long-term CTE prediction models will be developed incorporating concrete strength 
properties and volume fractions of concrete constituents to predict long-term CTE of 
paving concrete for accurate designing of rigid pavements and UBCOs. 
 
3.2 Mechanistic Modeling Incorporating Aged CTE and Nonlinear Thermal Gradient 
 
3.2.1 Finite Element Modeling of Pavement Slab Using Linear Thermal Gradient 
As a first step in the numerical modeling, concrete pavement slab will be modeled 
incorporating linear temperature gradient and the results of bending stresses in the 
pavement slab will be compared with the previous analytical and numerical studies to 
evaluate the robustness of the finite element discretization. This step is considered 
necessary before considering the nonlinear temperature gradient. 
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3.2.2 Incorporating Nonlinear Temperature Gradient in Mechanistic Model 
A nonlinear temperature gradient will be incorporated in the numerical modeling to 
determine the bending stresses through the thickness of the pavement slab and to compare 
the effects of linear and nonlinear thermal gradient on the stress profiles. The results of 
bending stresses will be analyzed in comparison with the previous studies.  
3.2.3 Incorporating Aged CTE in the Mechanistic Modeling 
The aged CTE will be incorporated in the mechanistic model of the concrete pavement slab 
to determine the effects of CTE increase on the bending stresses in the pavement slab. The 
results will be analyzed to evaluate the impact of 360 days CTE in comparison to 28 days 
CTE values on the state of bending stresses in the pavement slab. 
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CHAPTER 4 
 
 
EFFECTS OF AGE PROGRESSION ON COEFFICIENT OF 
THERMAL EXPANSION OF PAVING CONCRETE 
 
4.1 Lab Measurement of CTE of Concrete 
The concrete cylinders were tested for determination of CTE according to AASHTO T 
336-11. This method determines the CTE of a cylindrical concrete specimen, maintained 
in a saturated condition, by measuring the length change of the specimen due to a specified 
temperature change. The measured length change was then corrected for any change in 
length of the measuring apparatus (previously determined), and the CTE was calculated by 
dividing the corrected length change by the temperature change and then the specimen 
length. 
4.1.1 Specimen Conditioning 
The cylindrical specimens were conditioned by submersion in limewater in a water storage 
tank at 73 ± 4°F for at least 48 hours and until two successive weighing of the 
  
 
[Shorter versions of this chapter have been published in ASTM Journal of Testing and 
Evaluation, Vol. 48, No. 4, 2018, http://doi.org/10.1520/jte20170604 and Elsevier Journal 
Heliyon, Vol. 4, No. 10, 2018, http://doi.org/10.1016/j.heliyon.2018.e00855 ] 
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surface-dried sample at intervals of 24 hours showed an increase in weight of less than 0.5 
percent. A surface-dried sample was obtained by removing the surface moisture with a 
towel. 
 
4.1.2 LVDT Calibration 
The LVDT and associated data acquisition system was calibrated every 6 months or in 
circumstances where the CTE results are inconsistent. 
4.1.3 Determination of the Correction Factor 
The correction factor was determined to account for expansion of the measuring apparatus 
during the test. A calibration specimen with a known coefficient of thermal expansion was 
used. The calibration specimen was large enough to firmly rest on the semi-spherical 
support buttons of the frame and the length was 7.0 in. so that no adjustment of the frame 
was necessary between calibration and testing. With the assumption that the length change 
of the apparatus varies linearly with temperature, the correction factor Cf was defined as 
follows: 
 TLLC csff = //         (4.1) 
Where ΔLf = Length change of the measuring apparatus during temperature change, mm; 
Lcs = Measured length of calibration specimen at room temperature, mm; ΔT = Measured 
temperature change, °C (increase = positive, decrease = negative) 
            maf LLL −=         (4.2) 
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where: La = Actual length change of calibration specimen during temperature change, mm; 
ΔLm = Measured length change of calibration specimen during temperature change, mm 
(increase = positive, decrease = negative) 
          TLL ccsa =                                          (4.3) 
Where c  = CTE of calibration specimen, (known) 
4.1.4 Equipment Verification 
The CTE set up was verified every 3 months by testing a verification specimen of known 
CTE other than the calibration specimen. The verification should not differ by more than 
0.16×10-6/°F of the certified value. 
4.1.5 Testing Procedure 
The measuring apparatus, with the LVDT attached, was placed in the water bath and the 
bath was filled with tap water. The height of the water had to remain constant throughout 
the test and was set to the same level as that used to calibrate the frame. The specimen was 
removed from the water storage tank and its length was measured at room temperature to 
the nearest 0.1 mm (0.004 in.). After measuring the length, the specimen was placed in the 
measuring apparatus located in the controlled-temperature bath, making sure that the lower 
end of the specimen was firmly seated against the support buttons and that the LVDT tip 
was seated against the upper end of the specimen. With the specimen in the frame at room 
temperature, the body of the LVDT was adjusted so that the core of the LVDT is located 
at its midpoint or electrical zero reading. The temperature of the water bath was to be set 
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to 10 ± 1°C (50 ± 2°F). When the bath reached this temperature and remained at this 
temperature until thermal equilibrium of the specimen has been reached, as indicated by 
consistent readings of the LVDT taken every 10 min over a half hour period. The difference 
between the maximum and minimum readings had to be less than or equal to 0.00025 mm 
(0.00001 in.). If this criterion was not met, additional 10-min readings shall be obtained 
until 4 consecutive 10-min readings are within the range of 0.00025 mm (0.00001 in.). The 
temperature readings were recorded from the sensor(s) to the nearest 0.1°C (0.2°F). The 
LVDT reading was recorded to the nearest 0.00025 mm (0.00001 in.). The temperature of 
the water bath was set to 50 ± 1°C (122 ± 2°F). Once the bath reached 50 ± 1°C (122 ± 
2°F) and remained at this temperature until thermal equilibrium of the specimen had been 
reached. The temperature readings from the sensor(s) were recorded to the nearest 0.1°C 
(0.2°F). The LVDT reading was recorded to the nearest 0.00025 mm (0.00001 in.). The 
same procedure was repeated again with a water bath at to 10 ± 1°C (50 ± 2°F). The test 
result was the average of the two CTE values obtained from the two test segments, provided 
the two values are within 0.3 micro strain/°C (0.2 micro strain/°F) of each other. If the two 
values were not within 0.3 micro strain/°C (0.2 micro strain/°F) of each other, one or more 
additional test segments were completed until two successive test segments yield CTE 
values within 0.3 micro strain/°C (0.2 micro strain/°F) of each other. The test result was 
the average of those two CTE values. 
The thermal differential of 40°C during the CTE test i.e. 10°C to 50°C corresponds well to 
the actual field conditions of the concrete pavement slab. Choubane and Tia (1992), 
measured the temperature gradients in the concrete pavement test section and found that 
the thermal gradient in the pavement slab varies between 1°C to 31°C. Jamshid et al. 
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(1987), found that the temperature at the top of the pavement slab varies between 16°C to 
38°C and for bottom of the slab it ranges between 21°C to 28°C. Thus, the CTE testing 
temperature i.e. 10°C to 50°C covers all of these temperatures and we can say that the test 
temperature is comparable to the field conditions. 
4.1.6 Calculations 
The CTE of one expansion or contraction test segment of a concrete specimen was 
calculated as follows (reported in micro strains/°F): 
             TLLCTE a = /)/( 0          (4.4) 
Where ΔLa = Actual length change of specimen during temperature change, mm; Lo = 
Measured length of the specimen at room temperature, mm; ΔT = Measured temperature 
change (average of the four sensors), °C (increase = positive, decrease = negative)   
            fma LLL +=         (4.5) 
Where ΔLm = Measured length change of specimen during temperature change, mm 
(increase = positive, decrease = negative); ΔLf = Length change of the measuring apparatus 
during temperature change, mm 
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 TLCfL of =         (4.6) 
Where Cf = Correction factor accounting for the change in length of the measurement 
apparatus with temperature 
4.2 Results and Analysis of CTE of Paving Mixes 
4.2.1 Detail of Concrete Paving Mixes  
Seven concrete paving mixes were collected from various districts of New Mexico (NM), 
cast with different coarse aggregates. These paving mixes are designated as CA-ID-1 to 
CA-ID-7 for data composition and analysis purposes. All of these concrete mixes are 
approved by the NM department of transportation (DOT) for rigid pavement construction 
in NM. The summary of these mixes per the coarse aggregate type and source is listed in 
Table 4.1.  
 
Table 4.1: Summary of Concrete Mixes with Coarse Aggregate Type 
Mix ID Company 
Coarse 
Aggregate 
Source 
Coarse 
Aggregate 
Type 
Fine 
Aggregate 
Concrete 
Class 
Cement Type Location 
CA-ID-
1 
PB 
Materials 
Dark 
Canyon 
Dolomite 
Grand 
Falls Sand 
AA-HPD GCC Tijeras Hobbs 
CA-ID-
2 
K Barnett Steele pit Granite Steele pit F-LS GCC Tijeras Clovis 
CA-ID-
3 
C&E 
Concrete 
Tinaja Lime stone Tinaja F GCC Tijeras Grants 
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CA-ID-
4 
Vulcan 
Materials 
Placitas Quartzite Placitas F GCC Tijeras Santa Fe 
CA-ID-
5 
Jobe 
Materials 
Avispa 
Quarry 
Limestone Dyer F-LS 
GCC 
Samaluyuca 
 
Vado 
CA-ID-
6 
Duke City 
Redimix 
South 
Valley 
Basalt Orona F Holcim Albuquerque 
CA-ID-
7 
BTU 
Block & 
Concrete 
Watrous pit Quartzite 
Watrous 
pit 
F GCC Tijeras Las Vegas 
 
All these mixes have different mix proportions with varying water-to-cement ratio and the 
coarse aggregates have different geographical and mineralogical properties. The fresh mix 
properties including slump, air content and density are also different for all the mixes. The 
coarse aggregates used in these paving mixes range from Granite, Basalt, Quartzite, 
Dolomite, and Limestone. The purpose of using paving mixes with different mix properties 
is to evaluate the effects of concrete age on the CTE values of different paving mixes and 
also the effects of coarse aggregate mineralogy on CTE. The details of concrete mix design 
including batch weights, slump, air content and fly ash content is tabulated in Table 4.2. 
Table 4.2: Details of Mix designs 
Mix ID CA-ID-1 CA-ID-2 CA-ID-3 CA-ID-4 CA-ID-5 CA-ID-6 CA-ID-7 
Mix and Material Properties 
Cement Type Type-1 Type-1 Type-1 Type-1 Type-1 Type-1 Type-1 
Specific 
Gravity 
3.15 3.15 3.15 3.15 3.15 3.15 3.15 
Water/Cement 
Ratio 
0.57 0.49 0.63 0.35 0.33 0.4 0.43 
Fly Ash Class Class C Class F Class F Class F Class F Class F Class F 
Specific 
Gravity 
2.6 2 2 2.03 2.35 2.01 2.01 
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Fine 
Aggregate 
Source 
Grand 
Falls 
Steele Pit Tinaja 
Pit 
Placitas 
Pit 
Dyer Orona Watrous 
Pit 
Specific 
Gravity 
2.64 2.64 2.65 2.57 2.65 2.56 2.63 
Absorption 
(%) 
1 1.2 2.2 0.7 1.1 2.1 0.8 
Coarse 
Aggregate 
Source 
Dark 
Canyon 
Steele Pit Tinaja 
Pit 
Placitas 
Pit 
Avispa South 
Valley 
Watrous 
Pit 
Mineralogy Dolomite Granite Limesto
ne 
Quartzite Limestone Basalt Quartzite 
Specific 
Gravity 
2.78 2.64 2.66 2.59 2.71 2.74 2.62 
Absorption 
(%) 
0.8 0.9 1.4 1.3 0.35 2.2 1.1 
Batch Weights (lbs/CuYd) 
Cement 421 466 390 510 506 390 405 
Fine 
Aggregate 
1380 1215 1505 1400 938 1220 1340 
Coarse 
Aggregate 
1757 1787 1505 1372 1990 1910 1605 
Fly Ash 140 132 130 217 140 116 108 
Admixture-1 Daravair 
(0.5) 
AT60 
(0.4) 
Sika Air 
(0.98) 
AT60 
(0.5) 
AEA 92 
(1) 
Sika Air 
(0.5) 
Micro 
Air 
(0.78) 
Admixture-2 Daracem 
(1.4) 
Daracem 
(3.7) 
Plastocre
te (2.6) 
Zyla 610 
(2.28) 
X-15 (4) Plastocrete 
(2.5) 
Polyheed 
(2.8) 
Fresh Properties 
Slump (in) 4.5 1.5 1.5 0.5 2 0.75 1 
Air Content 
(%) 
6 6.5 7 5.4 7.5 3.5 4.5 
Unit Weight 
(lbs/CuFt) 
144.7 141.8 139.8 136.5 145 141 142 
 
4.2.2 CTE Test Plan 
Forty cylindrical specimens and twelve beam specimens were prepared from each concrete 
mix for further laboratory testing. The concrete cylinders were tested for determination of 
CTE according to AASHTO T 336-11 test protocol at the age of 28, 60, 90, 120, 180, 240, 
300 and 360 days. These mixes are indicated as CA-ID-1 to CA-ID-7 for data composition 
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and analysis. Two replicate samples were tested for 6 paving mixes i.e. CA-ID-1 to CA-
ID-6 at each of the age groups while 6 replicate specimens of CA-ID-7 were tested to attain 
confidence in the main data set of CTE testing. The pictorial view of CTE testing is shown 
in Figure 4.1. 
 
 
 
 
 
 
 
Fig 4.1: Pictorial view of CTE testing 
The summary of average CTE results (at the age of 28 days) along with the petrography of 
coarse aggregate are given in Table 4.3 and Figure 4.2. The CTE property in these mixes 
varies over a fairly large range i.e. from 3.71 to 5.95 μԐ/˚F. The CTE values of CA-ID-1, 
2, 4, and 7 i.e. Granite, Dolomite, and Quartzite are consistently higher than that of CA-
ID-3 and 5 which are Limestone mixes. This confirms the previous research/literature that 
concrete with Limestone aggregate has the lowest CTE value as compared to other 
minerals. The impact of coarse aggregate on the CTE values is evident with these results. 
For the tested mixes the standard deviation values for the test data (same lab, same mix 
design) are within 0.09 μԐ/˚F which shows excellent repeatability. 
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Table 4.3: Summary of Coarse Aggregate Type in Tested Mixes 
CTE (E-6 
in/in/°F) 
CA-ID-1 
CA-ID-
2 
CA-ID-3 CA-ID-4 CA-ID-5 
CA-
ID-6 
CA-ID-7 
Coarse 
Aggregate 
Type 
Dolomite Granite Limestone Quartzite Limestone Basalt Quartzite 
Average 
CTE @ 28 
days 
5.25 5.39 3.71 5.09 4.09 4.37 5.95 
 
 
Fig 4.2: Comparison of 28 Days CTE 
4.2.3 Comparison of CTE Test Data with Pavement ME Default CTE Values 
Concrete CTE is a very important input in Pavement ME design procedure and the 
structural response models of Pavement ME are quite sensitive to the CTE values. 
Pavement ME design manual recommends the use of average CTE values at 28 days for 
concrete. It is always recommended to use the accurately tested value of CTE as the 
variation in CTE value affects the rigid pavement design in a significant manner. The 
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recommended CTE values as per the ME design database for all aggregate types are 
summarized in Table 4.4. 
 
Table 4.4: ME Design Default CTE Average Data (ARA, 2011) 
Primary aggregate 
class  
PCC CTE, 10 E-6/°F  Number of  
test sections  
Average  
Standard 
deviation  
Basalt  4.4  0.5  18  
Diabase  5.2   0.5  21  
Granite  4.8  0.6  69  
Schist  4.4  0.4  17  
Chert  6.1  0.6  25  
Dolomite  5.0  0.7  30  
Limestone 4.4  0.7  160  
Quartzite  5.2  0.5  9  
Sandstone 5.8  0.5  7  
 
Figure 4.3 shows the tested CTE average values for all the mixes at the age of 28 days as 
compared with the ME default CTE values. It is evident that the tested values differ from 
the ME default values in a significant manner. The upper and lower bounds of ME default 
CTE data are also shown in Figure 4.3. It can be seen that the tested CTE values of 6 mixes 
are within the upper and lower bounds. Only the CTE of CA-ID-7 is slightly higher than 
the upper bound of default data. With this finding, the CTE results of this study stand 
validated. 
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Fig 4.3: Pictorial view of CTE testing 
4.2.4 Replicate Sample Testing for Confidence in Data 
Data presented so far in this study is an average of two samples per mix. In order to have 
some confidence in the tested data, 6 replicate specimens of CA-ID-7 were tested for CTE 
at the age of 28 days and data analyzed for the confidence interval. The detailed results are 
presented in Appendix A-4.1 and the summary of CTE results is given in Table 4.5 which 
shows a standard deviation of 0.02 and a variance of 0.0005. With these results, it became 
evident that the CTE values of CA-ID-7 at the age of 28 days are similar for the six 
specimens and thus the test procedure is validated. 
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Table 4.5: Confidence Testing of CTE with 6 Specimens of Paving Mix, CA-ID-7 
 
CTE of CA-ID-7 (μԐ/˚F) 
Concrete Age 28 Days 
Specimen-1 5.962 
Specimen-2 5.946 
Specimen-3 5.993 
Specimen-4 5.923 
Specimen-5 5.938 
Specimen-6 5.951 
Average 5.952 
Standard Deviation 0.022 
Variance 0.0005 
 
4.2.5 Long-term CTE Test Results 
The impact of concrete age on CTE is evaluated by analyzing the time series data of 6 
paving mixes and the summary of test data from 28 days to 360 days is presented in Table 
4.6. The data shows an increasing trend of CTE values of all the paving mixes from 28 
days to 360 days. The standard deviation is less than 0.09 for the data set which shows 
excellent repeatability. With this data, it became evident that the CTE of all the paving 
mixes increases with age. As such, the use of CTE value at the age of 28 days in rigid 
pavement design may result in erroneous pavement design. The aged CTE value will result 
in the increased magnitude of curling stresses over the designed service life of the 
pavement which may result in an increase in pavement distresses and a decrease in 
pavement life. 
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Table 4.6: Summary of Long-term CTE Test Results 
CA-ID-1 
Age (days) 28 60 90 120 180 240 300 360 
Specimen-
1 
5.148 5.157 5.273 5.282 5.294 5.342 5.422 5.479 
Specimen-
2 
5.113 5.21 5.249 5.295 5.323 5.377 5.416 5.441 
Average 5.13 5.18 5.261 5.289 5.309 5.36 5.419 5.46 
Standard 
Deviation 
0.017 0.027 0.012 0.006 0.015 0.018 0.003 0.019 
CA-ID-2 
Age (days) 28 60 90 120 180 240 300 360 
Specimen-
1 
5.43 5.533 5.564 5.593 5.639 5.658 5.713 5.782 
Specimen-
2 
5.362 5.546 5.588 5.644 5.66 5.694 5.736 5.753 
Average 5.396 5.54 5.576 5.619 5.65 5.676 5.725 5.768 
Standard 
Deviation 
0.034 0.006 0.012 0.026 0.011 0.018 0.011 0.015 
CA-ID-3 
Age (days) 28 60 90 120 180 240 300 360 
Specimen-
1 
3.689 4.004 3.997 4.077 3.979 3.994 4.035 4.103 
Specimen-
2 
3.725 4.117 4.137 4.088 4.091 4.081 4.112 4.185 
Average 3.707 4.035 4.061 4.067 4.069 4.038 4.074 4.144 
Standard 
Deviation 
0.018 0.057 0.07 0.006 0.056 0.044 0.039 0.041 
CA-ID-4 
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Age (days) 28 60 90 120 180 240 300 360 
Specimen-
1 
5.021 5.145 5.125 5.309 5.379 5.414 5.427 5.481 
Specimen-
2 
5.125 5.012 5.142 5.306 5.397 5.431 5.437 5.435 
Average 5.073 5.079 5.133 5.308 5.388 5.423 5.432 5.458 
Standard 
Deviation 
0.052 0.067 0.009 0.002 0.009 0.009 0.005 0.023 
CA-ID-5 
Age (days) 28 60 90 120 180 240 300 360 
Specimen-
1 
4.036 4.047 4.175 4.195 4.262 4.316 4.546 4.564 
Specimen-
2 
4.168 4.201 4.264 4.385 4.348 4.496 4.54 4.532 
Average 4.102 4.124 4.22 4.29 4.305 4.406 4.543 4.548 
Standard 
Deviation 
0.066 0.077 0.045 0.095 0.043 0.09 0.003 0.016 
CA-ID-6 
Age (days) 28 60 90 120 180 240 300 360 
Specimen-
1 
4.388 4.4 4.567 4.662 4.752 4.841 4.859 4.896 
Specimen-
2 
4.366 4.368 4.551 4.606 4.743 4.802 4.817 4.963 
Average 4.377 4.384 4.559 4.634 4.748 4.822 4.838 4.93 
Standard 
Deviation 
0.011 0.016 0.008 0.028 0.004 0.02 0.021 0.034 
 
The comparison of long-term CTE test data is presented in Figure 4.4, which also shows a 
constantly increasing trend of CTE values from 28 to 360 days. Although there is a 
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significant difference between the CTE values of different mixes but all the mixes have 
increasing values of CTE with age progression. 
 
Fig 4.4: Comparison of Long-term Average CTE test results 
 
4.2.6 Variation in CTE with Concrete Age 
The long-term CTE test data were analyzed to determine the percent increase in CTE values 
for each mix between 28 days and 360 days. The results of percent-increase in CTE of 6 
mixes i.e. CA-ID- 1 to CA-ID-6 are presented in Figure 4.5, which clearly, shows that CTE 
increases as concrete ages. The difference in CTE between 28 days and 360 days ranges 
from 0.33 μԐ/˚F to 0.55 μԐ/˚F with a percent increase of 6.4% to 12.6% for the tested 
paving mixes. The increase in CTE is different for different paving mixes which can be 
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attributed to the difference in mix design proportions and different (mineralogy) coarse 
aggregates being used. This variation in CTE may affect the performance of UBCO. 
 
Fig 4.5: Percent increase in CTE with concrete age 
The percent increase for different age groups was also determined and the results are 
tabulated in Table 4.7. According to the results, it was observed that CTE of all the paving 
mixes has an increasing trend after 28 days age but there is no regular pattern of CTE 
increase with age and the percent increase varies between 0.01 to 8.8%.  
Table 4.7: Percent Increase in CTE for different age groups 
Age range (Days) % Increase in CTE 
  CA-ID-1 CA-ID-2 CA-ID-3 CA-ID-4 CA-ID-5 CA-ID-6 
28-60 0.050 0.144 0.328 0.005 0.022 0.007 
60-90 0.081 0.036 0.026 0.055 0.096 0.175 
90-120 0.028 0.043 0.006 0.175 0.070 0.075 
120-180 0.020 0.031 0.002 0.080 0.015 0.114 
180-240 0.051 0.026 -0.031 0.035 0.101 0.074 
240-300 0.059 0.049 0.036 0.009 0.137 0.016 
300-360 0.041 0.043 0.070 0.026 0.005 0.092 
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4.3 Quantifying the Impact of CTE on UBCO Performance 
After analyzing the CTE test data it is apparent that the CTE of the tested paving mixes 
varies over a large range, thus it is considered important to know how CTE variation affects 
the UBCO performance. This part of the present study focuses on quantifying the effects 
of CTE inputs on the performance of unbonded overlays including joint faulting, transverse 
cracking, and pavement roughness for two different climatic regions and also to mitigate 
the effects of higher CTE on overlay performance by modifying the geometric properties 
of the overlay pavement. 
 
4.3.1 Simulation Methodology 
Simulations were conducted in pavement ME version 2.3 for analysis of unbonded JPCP 
overlay of existing/deteriorated JPCP. The software requires various inputs including 
design life, traffic volume, overlay structure, concrete thermal and strength properties, 
properties of sub-layers, and condition of existing JPCP. To evaluate the impact of CTE 
variability, all the design inputs were considered constant for entire simulation work except 
the CTE of overlay concrete. Primary design inputs are shown in Table 4.8. 
Table 4.8: Variables for Simulations 
Parameter Value 
Design Life 30 years 
JPCP Overlay Thickness 203 mm (8 in) 
Dowel Diameter 
Joint Spacing 
25 mm (1 in) 
4.57 m (15 ft) 
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Traffic (AADTT) 4000 
Traffic (ESALS) 29 x 106 
Initial IRI 99 cm/km (63 in/mile) 
IRI Threshold 271 cm/km (172 in/mile) 
Transverse Cracking Threshold (% Slabs) 15% 
Joint Faulting Threshold 3 mm (0.12 in.) 
Reliability 90% 
Modulus of Rupture of Overlay Concrete 4.75 MPa (690 psi) 
Elastic Modulus of Overlay Concrete 28.9 GPa (4.2 x 106 psi) 
Water to Cement Ratio in Overlay Concrete 0.42 
HMA (Interlayer) Thickness 50.8 mm (2 in) 
HMA Binder Grade PG 64-22 
Existing JPCP Thickness 
Distressed Elastic Modulus of Existing JPCP 
203 mm (8 in) 
16.8 GPa (2.44 x 106 psi) 
Base Course Non-Stabilized (A-1-a) 
Base Course Thickness 152 mm (6 in) 
Base Course Resilient Modulus 275 MPa (40000 psi) 
 
According to Table 4.3, the CTE of concrete varies in the range of 3.7 to 5.9 micro-strain/˚F 
thus, different CTE values were simulated within this range and the performance 
predictions of UBCO were analyzed. Furthermore, to contrast between different climatic 
conditions, the simulations were conducted for two climatic regions i.e. Albuquerque, NM 
with lower freezing index and a lesser number of freeze/thaw cycles considered as 
moderate climate region and Alamosa, CO with higher freezing index and a higher number 
of freeze/thaw cycles considered as cold region. The climatic details of both regions are 
given in Table 4.9. The effects of varying CTE values on transverse cracking, joint faulting, 
and IRI were analyzed. 
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Table 4.9: Design Inputs for Simulation 
 Albuquerque, NM Alamosa, CO 
Mean Annual Air Temperature (0F) 57.81 42.75 
Mean Annual Precipitation (in) 9.05 5.92 
Freezing Index (0F - days) 42.82 1274.17 
Average Annual Freeze/Thaw Cycles 75.85 187.82 
Remarks Moderate Region Cold Region 
 
4.3.2 Impact of CTE Variation on Transverse Cracking 
The analysis of CTE variation on the transverse cracking parameter of UBCO was 
conducted. The comparison of results of transverse cracking after 30 years of service life 
for both the climatic regions is presented in Figure 4.6. This shows a significant increase 
in cracking distress with an increase in CTE of overlay concrete with all other design 
variables being constant. The ME design equations being used for quantifying the cracking 
distress has the main component of critical slab stress and increase in CTE leads to higher 
curling creating void spaces beneath the slab. This results in higher stresses due to traffic 
loading at the top or bottom center of the pavement slab depending on the type of curling 
(upward or downward curling) which transforms into higher transverse cracking.  
For the moderate climatic region, the overlay fails to meet the design criteria of transverse 
cracking at the age of 17 years when CTE value reaches 5.5 micro-strain/˚F and with further 
increase in CTE values the overlay fails even earlier. For the cold region, the overlay fails 
to meet the transverse cracking threshold at the life of 13 years with the CTE value of 4.5 
micro-strain/˚F. The analysis shows that transverse cracking increases as the CTE of 
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overlay concrete increases and the effect is more pronounced in the cold climate. The 
general trend of the decline in overlay performance confirms that higher CTE is associated 
with higher curling resulting in higher lift off from the pavement slab which results in 
higher stresses in the pavement slab due to the combined effect of traffic loading and 
curling. The significant difference in the overlay performance between the two climatic 
regions can be linked with many climatic factors including precipitation, humidity, number 
of freeze-thaw cycles and temperature variation pattern. With regards to CTE, the 
temperature variation pattern is the most critical factor. The average variation between day 
and night temperature for the moderate region is 44 ˚F and for the cold region, it is 61 ˚F. 
As the day/night temperature variation results in the temperature gradient through the 
thickness of the pavement slab and higher temperature difference corresponds to a higher 
temperature gradient resulting in higher curling. Higher curling combined with traffic 
loading results in higher stresses and early deterioration of the pavement. The variation in 
performance can also be linked with the number of freeze/thaw cycles as loading/traffic 
volume and other design variables remained constant for these simulations. The cold region 
has a much higher number of freeze/thaw cycles in comparison with the moderate climatic 
region and the overlay pavement undergoes much more cracking in the cold region than in 
the moderate region. 
To minimize the performance issues, either lower CTE concrete should be used or the 
pavement structure needs to be revised/modified for the higher CTE concrete so that 
overlay can perform within the prescribed performance parameters. 
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Fig 4.6: Effects of CTE on transverse cracking 
4.3.3 Effects of CTE variation on joint faulting 
The impact of CTE variation on the performance of overlay with regards to joint faulting 
was analyzed and the results for both the climatic regions are presented in Figure 4.7. There 
is a continually increasing trend in joint faulting distress with an increase in CTE of overlay 
concrete for both the climatic regions with all other design variables being constant. For 
the moderate climatic region, the overlay fails prematurely (at the age of 28 years) per the 
prescribed joint faulting threshold when CTE reaches 5.5 micro-strain/˚F while in the cold 
region, the overlay life is restricted to 20 years with a CTE value of 4.5 micro-strain/˚F. 
The increase in joint faulting with an increase in CTE of overlay concrete can be linked 
with many different factors but the most important one is the upward deflection of the 
pavement slab edge due to upward curling because of the temperature gradient. With higher 
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CTE, there will be higher curling, higher upward deflection of slab transverse edges and 
higher joint faulting. 
With regards to the variation of performance between the two climatic regions, the primary 
factor is the difference in the day/night temperature variation. As noted previously, the 
average variation between day and night temperature for the moderate region is 44 ˚F and 
61 ˚F for the cold region. As the day/night temperature variation results in a temperature 
gradient through the thickness of the pavement slab and higher temperature difference 
corresponds to a higher temperature gradient resulting in higher curling. Thus, for the same 
CTE, higher joint faulting is observed for the cold region as compared to the moderate 
region. 
 
 
Fig 4.7: Effects of CTE on terminal joint faulting 
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4.3.4 Effects of CTE variation on pavement roughness 
The effects of CTE variation on the IRI were evaluated and the results for both the climatic 
regions are shown in Figure 4.8. For the moderate climatic region, the overlay fails to meet 
the pavement roughness criteria at the age of 27 years when CTE reaches the value of 5.5 
micro-strain/˚F. Whereas for the cold region the overlay fails in roughness at the age of 22 
years with a CTE value of 4.5 micro-strain/˚F. With further increase in CTE of concrete, 
the overlay service life decreases further. 
The decline in the performance of UBCO with regards to pavement roughness with an 
increase in CTE of overlay concrete is principally attributed to higher transverse cracking 
and higher joint faulting while other design variables being constant. As discussed earlier, 
cracking and faulting distresses increase with an increase in concrete CTE thus, IRI also 
increases with increase in CTE. 
For different climatic regions, there is another crucial factor of freezing index in the 
performance prediction model of pavement ME design. The higher freezing index will 
result in higher IRI and the same trend has been observed in the simulation results as the 
overlay pavement in the cold region experienced higher pavement roughness due to higher 
freezing index as compared to the moderate region with lower freezing index. To mitigate 
the effects of higher CTE and to improve the overlay performance the overlay design needs 
to be modified to achieve the ultimate design life. 
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Fig 4.8: Effects of CTE on terminal IRI 
 
4.3.5 Sensitivity Analysis of performance parameters 
As variation in performance predictions was observed with varying CTE of overlay 
concrete thus, a sensitivity analysis was performed to quantify the impact of CTE increase 
on the three performance parameters and to determine the most significantly affected 
performance measure. The normalized percent change for cracking, faulting and IRI were 
obtained for a unit change in CTE for different ranges of CTE and the results are shown in 
Figures 4.9 and 4.10. According to the results, the transverse cracking is the most affected 
parameter with a change in CTE of concrete with percent change of up to 49.3% for the 
moderate climate and up to 67.1% for the cold region. Joint faulting is the least affected 
performance parameter with a percent change of up to 23% for the moderate climate and 
up to 25% for the cold region. Pavement roughness is a little more affected than the joint 
faulting. Another critical finding was observed regarding the transverse cracking 
predictions that when the transverse cracking reaches 100% (meaning that all the slabs are 
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cracked) than the percent change in transverse cracking decreases because there is no 
significant meaning of more than 100% slabs cracked. Thus, it can be concluded that 
transverse cracking is the most affected performance parameter with CTE variation for 
both climatic regions. The factors responsible for this variation have already been discussed 
in the preceding sections. 
 
 
Fig 4.9: Sensitivity analysis for moderate climate 
 
 
Fig 4.10: Sensitivity analysis for cold climate 
 
0
10
20
30
40
50
60
3.5 to 4 4 to 4.5 4.5 to 5 5 to 5.5 5.5 to 6
P
er
ce
n
t 
ch
an
g
e 
in
 d
is
tr
es
s 
p
er
 u
n
it
 c
h
an
g
e 
in
 C
T
E
 
(M
o
d
er
at
e 
cl
im
at
e)
CTE range (μԐ/˚F)
Joint faulting
Transverse cracking
IRI
0
10
20
30
40
50
60
70
3.5 to 4 4 to 4.5 4.5 to 5 5 to 5.5 5.5 to 6
P
er
ce
n
t 
ch
an
g
e 
in
 d
is
tr
es
s 
p
er
 u
n
it
 c
h
an
g
e 
in
 C
T
E
 
(C
o
ld
 c
li
m
at
e)
CTE range (μԐ/˚F) 
Joint faulting
Transverse cracking
IRI
66 
 
4.4 Minimizing the Performance Issues of Higher CTE  
According to the performance criteria set forth for this study, the UBCO fails if it does not 
comply with the prescribed performance threshold until the end of design life. As evident 
from the results shown earlier that many design simulations do not meet the performance 
standards, both in the moderate climatic region and cold region. Many different measures 
can be taken to improve the overlay performance and to mitigate the effects of higher CTE 
and to ensure that the overlay pavement can perform up to the designed life. These 
measures include increased overlay thickness, reduced joint spacing, increased dowel size, 
widened slabs, enhancing concrete strength properties, and tied shoulders. For this study, 
two of these measures were considered for further evaluation with regards to transverse 
cracking, which is the most affected performance parameter. These were the reduction in 
joint spacing and increase in overlay slab thickness. 
 
4.4.1 Effects of Joint Spacing on Transverse Cracking 
Simulations were conducted for CTE range of 4.5 to 6 micro-strain/˚F with a different 
transverse joint spacing of overlay slab to observe the impact of joint spacing on transverse 
cracking. The results are presented in Figure 4.11 and 4.12 for the effects of joint spacing 
for both climatic regions. The results show a significant impact of joint spacing on the 
cracking performance and numerically varies for different CTE values. The highest 
improvement in cracking distress with 1.0 ft reduction in joint spacing is 27% for CTE of 
6 micro-strain/˚F whereas the average improvement is around 8.5% for the moderate 
climate and 19.7% for the cold region. Thus, it is concluded that with a reduction in 
transverse joint spacing the adverse effects of higher CTE can be minimized. 
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Fig 4.11: Impact of joint spacing on transverse cracking (moderate climate) 
 
 
 
 
Fig 4.12: Impact of joint spacing on transverse cracking (cold climate) 
 
4.4.2 Effects of overlay thickness on Transverse Cracking 
Revised simulations were conducted with various overlay slab thicknesses ranging from 8 
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CTE values ranging from 4.5 to 6 micro-strain/˚F. The comparison is presented in Figure 
4.13 and 4.14 for both the climatic regions. There is an average trend of improved 
performance with regards to transverse cracking with an increase in slab thickness for both 
the regions. The percent reduction in transverse cracking varies for different slab 
thicknesses and different CTE values. The average decrease in cracking with an increase 
in overlay thickness of 1 inch is 8% for the moderate region and 23% for the cold region. 
The maximum improvement in cracking is 53% for the moderate region with CTE of 6 
micro-strain/˚F and 63% for the cold region with CTE of 5.5 micro-strain/˚F which proves 
that thicker overlay slabs can mitigate the effects of higher CTE. 
 
 
 
 
Fig 4.13: Impact of overlay thickness on transverse cracking (moderate climate) 
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Fig 4.14: Impact of overlay thickness on transverse cracking (cold climate) 
 
4.5 Summary 
The test data shows an increasing trend of CTE values for all the paving mixes from 28 
days to 360 days and it became evident that the CTE of all the paving mixes increases with 
age. The difference in CTE between 28 days and 360 days ranges from 0.33 μԐ/˚F to 0.55 
μԐ/˚F with a percent increase of 6.4% to 12.6% for the tested paving mixes. The increase 
in CTE is different for different paving mixes which can be attributed to the difference in 
mix design proportions and different (mineralogy) coarse aggregates being used. 
CTE of overlay concrete is directly related to the performance of unbonded concrete 
overlay and with an increase in CTE the overlay performance, including transverse 
cracking, faulting, and roughness, is adversely affected. Transverse cracking is the most 
affected parameter with the change in CTE as compared to pavement roughness and joint 
faulting. The major contributing factor of this phenomenon is a higher amount of slab 
curling and increased curling stresses due to higher CTE which consequences in void space 
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beneath the slab, making the pavement slab un-supported that results in increasing stresses 
due to traffic loading. These adverse effects are more severe in cold climatic regions as 
compared to moderate climate region due to higher temperature gradient resulting in higher 
curling stresses. The climatic pattern including the variation in day/night temperature and 
freeze-thaw cycles also affect the performance of UBCO pavement as observed with the 
difference between the pavement performance predictions of moderate and cold climatic 
regions with all other design inputs as constant. 
The geometric properties of overlay pavement including transverse joint spacing and slab 
thickness have a direct impact on the performance parameters. The average decrease in 
cracking distress is around 8.5% for the moderate climate and 19.7% for the cold region 
with 0.3 m reduction in joint spacing. The average decrease in cracking with an increase in 
overlay thickness of 25 mm is 8% for the moderate region and 23% for the cold region. 
Thus, it is evident that the overlay performance can be improved by increased overlay slab 
thickness or reduced joint spacing and with these modifications, the adverse effects of 
higher CTE can be compensated. 
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CHAPTER 5 
IMPACT OF AGED CTE ON DESIGN AND PERFORMANCE OF 
UNBONDED CONCRETE OVERLAYS 
 
This part of the study is focused on evaluating the effects of aged CTE on the design and 
performance of UBCOs. First of all, concrete specimens from all of the paving mixes were 
tested for compressive strength, elastic modulus and modulus of rupture (MOR) to generate 
time series input data for the further conduct of simulations in Pavement ME design 
software. The simulations were conducted for all the paving mixes with different values of 
CTE (i.e. 28 days and 360 days) and the predicted performance was analyzed to evaluate 
the impact of increased CTE on the performance of UBCO. The effects of an increase in 
CTE were also analyzed on the designed service life of UBCOs. 
 
5.1 Laboratory Testing of Paving Mixes for Time Series Inputs in ME Design 
ASTM C31-15 and AASHTO T 23-14 were followed for making and curing concrete test 
specimens including cylinders (4x8 in.) and beams (6x6x22 in.). These standards provide 
 
 
 
[Shorter versions of this chapter have been published in ASTM Journal of Testing and 
Evaluation, Vol. 48, No. 4, 2018, http://doi.org/10.1520/jte20170604 and Elsevier Journal 
of Transportation Geotechnics, Vol. 15, 2018, pp. 20–28, 
http://doi.org/10.1016/j.trgeo.2018.02.003 ] 
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standardized requirements for making, curing, protecting, and transporting concrete test 
specimens. The slump and air content were measured and recorded for each batch of 
concrete from which specimens were made immediately after remixing in the receptacle, 
as required in ASTM C143. The summary of the procedure is as follows.The specimens 
were molded on a level, rigid surface, free of vibration and other disturbances, at a place 
as near as practicable to the location where they were to be stored. The cylinders were filled 
in two layers with one vibration insertion of 8 to 10 seconds for each layer. The mold was 
tapped 10 times with rubber mallet after each vibrator insertion to remove any entrapped 
air voids and to close the hole. After vibrating the second layer, the top surface was finished 
with handheld float or trowel. The beam specimens were molded in one layer and the 
vibrator was inserted at intervals not exceeding 6 in. along the center line of the long 
dimension of the specimen. After the consolidation of the concrete, a handheld float or 
trowel was used to strike off the top surface to produce a flat, even surface. 
For initial curing, immediately after molding and finishing, the specimens were stored in 
an environment preventing moisture loss from the specimens. Upon completion of initial 
curing and within 30 min after removing the molds, the specimens were cured with free 
water maintained on their surfaces at all times at a temperature of 73.5 ± 3.5°F, using water 
storage tanks.  
The concrete mixes consisted of different coarse aggregates with different mix proportions 
and mix properties as presented earlier in Table 4.2 & 4.3.  
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5.1.1 Testing of concrete cylinders for compressive strength 
The compressive strength of concrete cylinders (4x8 in.) was determined according to 
ASTM C39-16 and AASHTO T 22-14. The method consisted of applying a compressive 
axial load to molded cylinders until failure occurs. The compressive strength of the 
specimen was calculated by dividing the maximum load attained during the test by the 
cross-sectional area of the specimen. The testing machine was equipped with two steel 
bearing blocks with hardened faces, one of which was a spherically seated block that will 
bear on the upper surface of the specimen, and the other a solid block on which the 
specimen shall rest. Neoprene caps were used in accordance with ASTM C1231. 
Compression test of moist-cured specimens was made as soon as after removal from moist 
storage. Test specimens were tested in the moist condition. The load was applied 
continuously and without shock at a rate of movement corresponding to a stress rate on the 
specimen of 35 ± 7 psi/s. The compressive load was applied until the load indicator shows 
that the load was decreasing steadily, and the specimen displays a well-defined fracture 
pattern. The maximum load carried by the specimen during the test was recorded. The 
compressive strength of the specimen was calculated by dividing the maximum load 
resisted by the specimen during the test by the average cross-sectional area of the specimen. 
5.1.1.1 Analysis of compressive strength versus concrete age 
The summary of compressive strength results for the 7 concrete mixes is tabulated in Table 
A-5.1 and the comparison of compressive strength results is shown in Figure 5.1. The 
results are consistent with a constantly increasing trend with concrete age. The 28 days 
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compressive strength values range from 4,422 to 7,694 psi whereas the strength at 14 days 
ranges from 3,658 psi to 6,482 psi.  
 
Fig 5.1: Comparison of compressive strength results 
5.1.2 Laboratory testing of cylindrical specimens for elastic modulus 
The testing was conducted on concrete cylinders according to ASTM C469-14 which 
covers the determination of chord modulus of elasticity (Young’s modulus) of molded 
concrete cylinders under longitudinal compressive stress. For determining the modulus of 
elasticity, a bonded sensing device (commonly known as compressometer) was used that 
measures the longitudinal deformation. The effective length of the gauge line was 5.22 in. 
The specimen was placed, with the strain-measuring equipment attached, on the lower 
platen or bearing block of the testing machine. The axis of the specimen was aligned with 
the center of thrust of the spherically-seated upper bearing block. The specimen was loaded 
at least three times. During the first loading, the data was not recorded. The calculations 
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were based on the average of the results of the subsequent loadings. The load was applied 
continuously and without shock. The load was applied at a constant rate within the range 
35 ± 7 psi/s. The specimen was loaded until the applied load reached 40% of the average 
ultimate load of the companion specimens. This is the maximum load for the modulus of 
elasticity test. The set of readings was recorded without interruption of loading, including 
the applied load and longitudinal strain at the point when the longitudinal strain was 50 
micro-strain and when the applied load was equal to 40% of the ultimate load of the 
companion specimens. The longitudinal strain is defined as the measured longitudinal 
deformation of the specimen divided by the effective gauge length. The modulus of 
elasticity was then calculated, to the nearest 50,000 psi as follows: 
)00005.0(
)(
2
12
−
−
=

SS
E         (5.1) 
Where E = Chord modulus of elasticity, psi; S2 = Stress corresponding to 40 % of the 
ultimate load; S1 = Stress corresponding to a longitudinal strain of 50 millionths; Ԑ2 = 
Longitudinal strain produced by stress S2 
5.1.2.1 Analysis of elastic modulus results 
The pictorial view of elastic modulus testing is shown in Figure 5.2. The summary of elastic 
modulus results for the 7 mixes is tabulated in Table A-5.2. The comparison of these results 
is shown in Figure 5.3. There is a constantly increasing trend in elastic modulus values of 
all the mixes with age progression. The 28-day elastic modulus values range from 3.15 to 
6.49 E6 psi, with an average of 4.6 E6 psi.  
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Fig 5.2: Pictorial view of elastic modulus testing 
 
Fig 5.3: Comparison of elastic modulus results 
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5.1.2.2 Proposed Inter-Conversion Models for Elastic Modulus 
Pavement ME Design uses a default model for inter-conversion of compressive strength 
and elastic modulus which was borrowed from American Concrete Institute (ACI) model. 
The model is as follows: 
                   Ec = 57000 f 'c
0.5                  (5.2)                                                              
where Ec = modulus of elasticity in psi; f’c is compressive strength in psi 
With the help of tested data of compressive strength and elastic modulus, two inter-
conversion models have been proposed for these paving mixes. The first model is 0.5 
power model similar to the ME design model, designated as Model-1 (Eq. 30), and the 
second model is a power model shown as model-2 (Eq. 31). The regression analysis of 
these two models is presented in Figure 5.4 and 5.5 respectively.     
 
 
 
 
 
 
 
 
 
Fig 5.4: Power model for elastic modulus 
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Fig 5.5: 0.5 Power model for elastic modulus 
The two models are presented as follows: 
                            Ec = 63790 f 'c
0.5                                                                            (5.3) 
                           Ec = 5026 f 'c
0.7973                                                                        (5.4) 
The proposed 0.5 power model has an R-square (coefficient of determination) value of 0.57 
and the power model gives R-square value of 0.70, which shows that both the models fit 
the data well, but the power model works better than 0.5 power model. 
5.1.2.3 Analysis of Proposed Models 
The analysis of the proposed model was conducted with reference to the ME design model 
by determining the predicted values of elastic modulus based on both the models in 
comparison with the measured values and the results are tabulated in Table A-5.3. The 
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comparative results have been plotted as shown in Figure 5.6, which clearly shows that the 
proposed model gives better results for NMDOT mixes when compared to the ME design 
default model. 
 
Fig 5.6: Comparison of measured and predicted results 
Statistical comparison of the proposed interconversion models was conducted by 
computing the standard error of estimates (SEE) for the proposed models and the ME 
default model. The analysis is shown in Figure 5.7, which shows that the proposed power 
model is the best fit model to the test data with a SEE value of 0.72 E6 psi in comparison 
to the ME default model with SEE value of 0.99 E6 psi whereas the 0.5 power model has 
the SEE value of 0.83 E6 psi. 
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Fig 5.7: Comparison of measured and predicted results 
5.1.3 Testing of concrete beam specimens for modulus of rupture (MOR) 
This test was conducted according to specifications of ASTM C78-15 and AASHTO T 97-
14. This test method covers the determination of the flexural strength of concrete by the 
use of a simple beam with third-point loading. Flexural tests of moist-cured specimens 
were made soon after removal of specimens from moist storage. Surface drying of the 
specimen results in a reduction in the measured flexural strength. The test specimens were 
turned on its side with respect to its position as molded. The load-applying blocks were 
brought in contact with the surface of the specimen at the third points and a load was 
applied between 3 and 6% of the estimated ultimate load. To eliminate any gap, leather 
shims were used on the specimen contact surface. Leather shims were of uniform 0.25 in. 
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rate to the breaking point. The load was applied at a rate that constantly increases the 
maximum stress on the tension face between 125 and 175 psi/min until rupture occurs. For 
a beam with dimensions of 6x6x22 in. the loading rate was between 20 to 30 lbs/sec. The 
flexural strength was measured as follows: 
a. If the fracture initiates in the tension surface within the middle third of the span 
length 
R = PL / bd2          (5.5) 
Where R = Modulus of rupture, psi; P = Maximum applied load indicated by the 
testing machine, lbs; L = Span length, in.; b = Average width of the specimen at the 
fracture; d = Average depth of specimen at the fracture 
b. If the fracture occurs in the tension surface outside of the middle third of the span 
length by not more than 5% of the span length 
R = 3Pa /  bd2         (5.6)  
Where a = Average distance between the line of fracture and the nearest support 
measured on the tension surface of the beam, in. 
c. If the fracture occurs in the tension surface outside of the middle third of the span 
length by more than 5 % of the span length, the results of the test are discarded 
5.1.3.1 Analysis of MOR results 
The testing was conducted for concrete beams at the age of 7, 14, 28 and 90 days. The 
pictorial view of testing is shown in Figure 5.8 and the summary of results of four mixes 
is tabulated in Table A-5.4 and the average values are plotted in Figure 5.9. The results are 
consistent with a constantly increasing trend. The 28-day flexural strengths are in the range 
of 557 to 945 psi with an average value of 751 psi. The target flexural strength of the LTPP 
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sections, which represent the newly constructed rigid pavement experiments nationwide, 
was 550 psi for the low strength PCC mixes. The 28-day flexural strength values reported 
in the LTPP database range from 489 to 1006 psi with an average of 735 psi (Rao et al., 
2012). It is evident that the NMDOT mixes show evidence of high 28-day flexural 
strengths. 
 
 
 
 
 
 
 
 
Fig 5.8: Pictorial view of MOR testing 
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Fig 5.9: Comparison of MOR test results 
 
5.1.3.2 Proposed Inter-Conversion Models for MOR 
Flexural strength model for ME design software is based on the Portland Cement 
Association (PCA) and LTPP studies. The model uses the general model form used in 
literature for flexural strength estimation and the correlation can be expressed as: 
             MR = 9.5 f 'c
0.5             (5.7)                                              
where MR is flexural strength in psi; f’c is compressive strength in psi 
Based on the test data, two interconversion models have been proposed for NMDOT 
paving mixes i.e. 0.5 power model and power model. The regression analysis for these two 
models is presented in Figure 5.10 & 5.11 respectively. 
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Fig 5.10:  0.5 Power model for MOR prediction 
 
 
 
 
 
 
 
 
 
 
 
Fig 5.11:  Power model for MOR prediction 
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The proposed models are presented as Equation 35 & 36. The 0.5 power model presents 
the R-square value of 0.82 while the power model gives the R-square value of 0.86, which 
shows that both the models are a good fit to the experimental data, but the power model is 
slightly better than the 0.5 power model. The models are as follows: 
                              MR = 10.7 f 'c
0.5                                                                           (5.8) 
                             MR = 3.45 f 'c
0.6308                                                                       (5.9) 
5.1.3.3 Analysis of Proposed Model 
The analysis of the proposed models was conducted by determining the MOR values with 
reference to the ME default model in comparison with the experimental values and the 
results are tabulated in Table A-5.5. The comparative results have been plotted as shown 
in Figure 5.12, which clearly shows that the proposed model gives better results for 
NMDOT mixes when compared to the ME design default model.  
 
Fig 5.12: Comparison of measured and predicted MOR results 
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Statistical comparison of the proposed MOR interconversion models was conducted by 
computing the standard error of estimates (SEE) for the proposed models and the ME 
default model. The analysis is shown in Figure 5.13, which shows that the proposed power 
model is the best fit model to the test data with a SEE value of 48.8 psi in comparison to 
the ME default model with SEE value of 103.5 psi whereas the 0.5 power model has the 
SEE value of 54.1 psi. 
 
Fig 5.13: SEE Comparison of Proposed and Default Models 
 
5.2 Quantifying Effects of Time Series Data on UBCO Performance Using 
Pavement ME Design 
5.2.1 Simulation Parameters 
To analyze the effects of time series data, simulations were conducted using Pavement ME 
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pavement ME design established three levels of design in considering the concrete material 
properties. Level 3 is the lowest level of sophistication and is an estimate based on 
historical data or default values. Level 2 inputs are based on a weighted average of the 
constituent material quantities and their properties or based on previously found 
correlations between various strength properties. Level 1 values are considered the most 
accurate as they are based on actual test results and it provides the highest accuracy in 
design and performance predictions (AASHTO, 2008). Level 1 inputs (time series data) 
for concrete properties i.e. elastic modulus, MOR and CTE were obtained from the 
laboratory test data while level 3 inputs consisted of compressive strength at 28 days and 
the ME default CTE values. The other design variables as shown in Table 4.1 are 
considered constant for entire simulation work. 
Table 5.1:  Design Inputs for Simulation 
Parameter Value 
Design Life 30 years 
JPCP Overlay Thickness 8 in. 
Dowel Diameter 
Joint Spacing 
1 in 
15 ft. 
Traffic (AADTT) 4000 
Initial IRI 63 in/mile 
IRI threshold 172 in/mile 
Transverse Cracking threshold 15% 
Joint Faulting threshold 0.12 in. 
Reliability 90% 
HMA (Interlayer) Thickness 2 in. 
HMA Binder Grade PG 64-22 
Existing JPCP Thickness 8 in. 
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Elastic Modulus of Existing JPCP 2.44 x 106 psi 
Base Course Non-Stabilized (A-1-a) 
Base Course Thickness 10 in. 
Base Course Resilient Modulus 40000 psi 
 
5.2.2 Simulation Results and Analysis 
The simulations were conducted in pavement ME design software (version 2.3) to 
determine the quantitative effects of time series data (level 1 inputs) in comparison with 
the default values (level-3 inputs) on UBCO performance. The performance parameters 
evaluated were transverse cracking, joint faulting, and IRI. The simulations were 
conducted for the climate of Albuquerque, NM. The climatic details are tabulated in Table 
4.2 which shows that Albuquerque can be considered as a moderate climatic region with 
freezing index of 42 and 75 annual freeze/thaw cycles. The simulation results along with 
the change in performance parameters are shown in Table A-1.6. 
 
Table 5.2:  Climatic Details of Simulated Region 
 
 Albuquerque, NM 
Mean Annual Air Temperature (0F) 57.81 
Mean Annual Precipitation (in) 9.05 
Freezing Index (0F - days) 42.82 
Average Annual Freeze/Thaw Cycles 75.85 
Remarks Moderate Region 
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The performance predictions for the two material input levels were analyzed at the service 
life of 20 years. The details of the simulation results are tabulated in Table A-5.6. The 
impact of input levels on transverse cracking are presented in Figure 5.14 which shows that 
the material input levels have a significant impact on the performance of UBCOs. The 
difference in performance predictions between level 1 and level 3 inputs dictates that the 
overlay should be designed with level 1 inputs/time series data of concrete material 
properties so that the designed overlay pavement can last for the specified service life. 
Thus, the use of level 1 inputs in this study is also justified.   
 
Fig 5.14: Impact of Input Levels on transverse cracking 
The impact of input levels on joint faulting are presented in Figure 5.15 which shows that 
the material input levels impacts the faulting prediction of UBCOs. The percent change in 
joint faulting between level 1 and level 3 inputs ranges between 12% to 33% with 3 of the 
mixes showing similar faulting predictions with both input levels. 
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Fig 5.15: Impact of Input Levels on joint faulting 
Overlay pavement roughness is also affected by material input levels as shown in Figure 
5.16. The difference between IRI prediction with level 1 and level 3 inputs is 3.4% to 
19.6% which necessitates the importance of using level 1 material inputs during the design 
phase of concrete overlays. 
With these results, it was necessitated to incorporate time series material inputs (level 1 
inputs) for further simulation work in this study. 
 
Fig 5.16: Impact of Input Levels on IRI 
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5.3 Quantifying Effects of Aged CTE on UBCO Performance 
In order to analyze the effects of CTE variation with concrete age, simulations were 
conducted using Pavement ME Design software version 2.3 to quantify the impact on 
overlay performance. As discussed earlier in this study, to increase the accuracy of the 
results, time series data (Level 1 inputs) for concrete mechanical properties i.e. elastic 
modulus and MOR were used in the simulation work. The other design variables as shown 
in Table 4.1 are considered constant for entire simulation work. The simulations were 
conducted firstly with the laboratory tested CTE values at 28 days and then repeated with 
CTE values at 360 days. The variation in performance parameters between 28 days CTE 
and 360 days CTE was thus obtained and analyzed to determine the impact of the change 
in CTE on overlay performance. The performance parameters evaluated were transverse 
cracking, joint faulting, and IRI. The simulations were conducted for the climate of 
Albuquerque, NM. The climatic details are tabulated in the previous section in Table 4.2. 
The simulation results were analyzed by determining the percent change in the 
performance measures relative to the CTE values of 28 and 360 days. The results show an 
increasing trend in all the distresses as the CTE values increase from 28 days to 360 days. 
5.3.1 Effects on Transverse Cracking 
The effects of CTE variation on transverse cracking were analyzed and the results are 
shown in Figure 5.17. The results show that there is a significant impact of CTE variation 
on the performance of UBCO with regards to transverse cracking with a percent increase 
of 1.6 to 9.7% with a percent increase of CTE of 6.4% to 12.6%. This shows a significant 
increase in cracking distress with an increase in CTE of overlay concrete with all other 
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design variables being constant. The ME design equations being used for quantifying the 
cracking distress has the main component of critical slab stress and increase in CTE leads 
to higher curling creating void spaces beneath the slab. This results in higher stresses due 
to traffic loading at the top or bottom center of the pavement slab depending on the type of 
curling (upward or downward curling) which transforms into higher transverse cracking. 
The general trend of the decline in overlay performance confirms that higher CTE is 
associated with higher curling resulting in higher lift off of the pavement slab which results 
in higher stresses in the pavement slab due to the combined effect of traffic loading and 
curling. 
 
 
Fig 5.17: Impact of CTE variation on transverse cracking 
5.3.2 Effects on Joint Faulting 
The impact of CTE variation on joint faulting was evaluated as shown in Figure 5.18. The 
results indicate that the effect of CTE variation on the performance of UBCO with regards 
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to joint faulting is also significant. With a percent increase of CTE between 6.4 to 12.6%, 
the percent increase of joint faulting is 10% to 19.9%. The increase in joint faulting with 
an increase in CTE of overlay concrete can be linked with many different factors but the 
most important one is the upward deflection of the pavement slab edges due to upward 
curling because of the temperature gradient. With higher CTE, there will be higher curling, 
higher upward deflection of slab transverse edges and higher joint faulting. The day/night 
temperature variation results in temperature gradient through the thickness of the pavement 
slab and higher negative temperature gradient results in higher upward curling resulting in 
higher joint faulting. 
 
Fig 5.18: Impact of CTE variation on joint faulting 
5.3.3 Effects on Pavement Roughness 
The effects of CTE variation on pavement roughness (IRI) are shown in Figure 5.19. The 
results show that there is a significant impact of CTE variation on the performance of 
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paving mixes with the CTE variation of 6.4 to 12.6%. The overlay pavement designed with 
lower CTE value will not survive for the designed service life as the CTE increases with 
concrete age. The decline in the performance of UBCO with regards to pavement 
roughness with an increase in CTE of overlay concrete is principally attributed to higher 
transverse cracking and higher joint faulting while other design variables being constant. 
As discussed earlier, cracking and faulting distresses increase with an increase in concrete 
CTE thus, IRI also increases with an increase in CTE. 
 
Fig 5.19: Impact of CTE variation on pavement roughness 
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To quantify the impact of CTE variation with age on the overlay service life, simulations 
were conducted in pavement ME design software for all the paving mixes with same design 
inputs as discussed in earlier sections. Laboratory tested data for concrete material 
properties were used for all the paving mixes and the UBCO was analyzed for effective 
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with the aged CTE. The threshold of the performance parameters was kept on the ME 
default levels. The results of the effective service life with the CTE input of 28 days and 
360 days are tabulated in Table 4.3, which show that the effective overlay service life 
ranges between 25 to 30 years with 28 days CTE and 17 to 30 years with 360 days CTE. 
 
Table 5.3: Effective UBCO Service Life with 28 & 360 Days CTE 
 
CA-ID 
Effective UBCO Service Life with 
28 Days CTE (Years) 
Effective UBCO Service Life with 
360 Days CTE (Years) 
Due to 
cracking 
Due to 
faulting 
Due to 
roughness 
Due to 
cracking 
Due to 
faulting 
Due to 
roughness 
1 30 25 30 25 22 27 
2 30 30 30 17 27 29 
3 30 26 30 30 22 28 
4 26 30 30 17 30 30 
5 30 26 30 25 22 27 
6 30 26 30 30 21 27 
 
Further analysis was conducted to determine the reduction of overlay service life with an 
increase in CTE from 28 days to 360 days. The results are tabulated in Table 4.4. For all 
the simulated concrete mixes the reduction in overlay service life ranges between 4 to 13 
years. It is evident from these results that a UBCO designed with 28 days CTE value may 
not be able to perform up to the designed service life as the distresses increase with an 
increase in CTE value which may result in the early failure of overlay pavement.  
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Table 5.4: Reduction in Service Life with Increase in CTE 
CA-ID 
CTE Range - 28 & 
360 days (με/˚F) 
% Increase 
in CTE 
Reduction in service life (years) 
Due to 
cracking 
Due to 
faulting 
Due to 
roughness 
Max 
impact 
1 5.13 & 5.46 6.43 5 3 3 5 
2 5.396 & 5.768 6.89 13 3 1 13 
3 3.707 & 4.144 11.78 Nil 4 2 4 
4 5.073 & 5.458 7.59 9 Nil Nil 9 
5 4.102 & 4.548 10.87 5 4 3 5 
6 4.377 & 4.930 12.63 Nil 5 3 5 
 
5.5 Summary 
The regression models developed for interconversion of compressive strength into elastic 
modulus and MOR shows that these models give better results for NMDOT paving mixes 
in comparison with the Pavement ME default models. It became evident that local 
calibration of default models is necessary to obtain accurate pavement design. Using the 
default models may lead to inaccuracies in the design of concrete pavements and UBCOs. 
A significant decrease in overlay performance is observed incorporating aged CTE in the 
design simulations. The results show an increase in all of the performance indicators 
including transverse cracking, joint faulting, and pavement roughness. The reason for 
deteriorated performance is the increase in the magnitude of curling which induces greater 
bending stresses in the pavement slab. Transverse cracking shows a percent increase of 1.6 
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to 9.7%, joint faulting shows a percent increase of 10% to 19.9%, while the percent increase 
in IRI is 3.5% to 10.2%. 
Further analysis to determine the reduction of overlay service life with an increase in CTE 
from 28 days to 360 days is conducted for all the concrete mixes. The reduction in overlay 
service life ranges between 4 to 13 years. It is evident from these results that a UBCO 
designed with 28 days CTE value may not be able to perform up to the designed service 
life as the distresses increase with an increase in CTE value which may result in the early 
failure of overlay pavement. 
 
 
 
 
 
 
 
 
 
 
 
98 
 
CHAPTER 6 
 
PREDICTING LONG-TERM COEFFICIENT OF THERMAL 
EXPANSION OF PAVING CONCRETE 
 
 
6.1 Effects of Mix Design Variables on CTE Increase 
 
The effects of cement paste and water were evaluated with regards to the increase of CTE 
of concrete with age progression. The percent volumes of various constituents of concrete 
were determined and presented in Table 6.1. It is evident that all of the paving mixes have 
varying volumes of cement paste, water, coarse aggregate, and fine aggregate. 
 
6.1.1 Effect of Cement Paste Volume on CTE Increase 
The cement paste varies between 27.3% to 32.6% as % of the total volume of mixes. The 
percentage of cement paste volume is plotted against the percentage increase in CTE as 
shown in Figure 7.1. It can be observed that there is no visible trend between the cement 
paste volume and CTE increase. This might have happened due to a limited number of 
mixes i.e. 6 mixes used in this study. Thus, more paving mixes should be incorporated to 
define the effects of cement paste volume on the CTE increase with concrete age. This is a 
limitation of this study.  
 
A short version of this chapter is under review in Taylor & Francis Journal “Road 
Materials and Pavement Design”. 
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Table 6.1:  Comparison of % Volume of Concrete Constituents 
Mix Type 
Cement Paste 
(% of Total 
Volume) 
Coarse Aggregate 
(% of Total 
Volume) 
Fine Aggregate 
(% of Total 
Volume) 
Water (% of 
Total 
Volume) 
CA-ID-1 27.37 40.41 32.22 10.14 
CA-ID-2 32.55 39.97 27.48 13.67 
CA-ID-3 32.41 33.68 33.91 14.67 
CA-ID-4 32.62 33.26 34.12 10.47 
CA-ID-5 29.38 46.71 23.91 9.44 
CA-ID-6 27.93 42.78 29.29 10.65 
 
 
Fig 6.1:  Comparison of CTE Increase with Volume of Cement Paste 
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6.1.2 Effect of Mixing Water on CTE Increase 
The increase in CTE of tested mixes was evaluated with regards to the percent volume of 
mixing water and the results are presented in Figure 6. The volume of mixing water of 
these paving mixes varies between 9.4% to 14.6% of the total mix volume. It is evident 
that there is no regular trend between the CTE increase with concrete age and the volume 
of mixing water. The apparent reasons are the same as explained in preceding para. 
 
 
Fig 6.2:  Comparison of CTE Increase with Volume of Mixing Water 
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strength according to the ASTM C39-16 at the age of 7, 14, 28, 90, 180 and 360 days. The 
comparison of compressive strength data with regards to concrete age is shown in Figure 
0
2
4
6
8
10
12
14
8 10 12 14 16
In
cr
ea
se
 i
n
 C
T
E
 (
%
)
Water (% of total volume)
101 
 
7. It shows a continuously increasing trend in compressive strength with concrete age. The 
compressive strength values at the intermediate ages of 60, 120, 240 and 300 days are 
determined with regression models developed for each paving mix. The strength gain 
trends of all the mixes are the steepest up to the age of 28 days and then they gradually get 
straighten up.  
 
 
Fig 6.3: Comparison of Long-term Compressive Strength Gain  
 
6.2.2 Interconversion Model for CTE from Compressive Strength 
The CTE and compressive strength test data of 6 paving mixes are used to develop the 
regression model to convert compressive strength into CTE. The regression analysis is 
presented in Figure 8 which shows that there are apparently two clusters of data which 
can be converted into two interconversion models given in equation 1 & 2. 
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(0.452)
,0.082*t c tCTE f =        Model-2 (6.2) 
where CTEt is the CTE of concrete at time t in days and ,c tf  is the compressive strength of 
concrete at time t 
Model-1 is applicable for compressive strength less than 7800 psi and CTE values above 
5 μԐ/˚F. With the R2 value of 0.96, it is a good fit to the experimental data.  
Model-2 is applicable for CTE values below 5 μԐ/˚F and all compressive strength values. Model-
2 is also applicable for CTE values above 5 μԐ/˚F with compressive strength values above 7800 
psi. This model has an R2 value of 0.62 which shows that it is a reasonable fit to the experimental 
data. 
 
 
Fig 6.4: Regression Analysis of CTE and Compressive Strength Data 
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6.3 Model for Determining Aged CTE Incorporating Volumetric Proportions 
Another model was developed using regression analysis to determine the aged CTE. The 
volumetric properties including volume fraction of coarse aggregate and volume of cement 
paste were incorporated in this model. Other variables included measured CTE at the age 
of 28 days and the compressive strength of hardened concrete. The data used for regression 
analysis is given in Table 6.2.  
 
Table 6.2:  Comparison of % Volume of Concrete Constituents 
CA-
ID 
Coarse 
Aggregate 
Type 
Lab CTE 
at 28 days 
(μԐ/˚F) 
Coarse 
Aggregate 
Volume Fraction 
Cement Paste 
Volume 
Fraction 
Compressive 
Strength at 
28 days (ksi) 
1 Dolomite 5.13 0.404 0.274 7.694 
2 Granite 5.40 0.4 0.326 5.765 
3 Limestone 3.71 0.337 0.324 5.530 
4 Quartzite 5.07 0.333 0.326 4.422 
5 Limestone 4.10 0.467 0.294 4.762 
6 Basalt 4.38 0.428 0.279 5.335 
 
 
6.3.1 Details of Aged CTE Model 
The developed model indicated an R square value of 0.99 which shows that the model fits 
the test data very well. Test data of 5 paving mixes was used in the development of the 
model and 6 variables of each mix were used including CTE at the age of 28 days, %age 
of coarse aggregate volume, %age of cement paste volume, concrete age (days), modulus 
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of rupture (ksi), and compressive strength (ksi). These variables are designated as A, B, C, 
D, E, and F respectively and the model coefficients for these variables are 0.940163, 
0.049563, 2.141642, 0.000912, 0.211117, and 0.006429 respectively. The model is given 
below as Model 3, where tCTE  is the aged CTE of concrete. 
0.56618 0.940163* 0.049563* 2.141642*
0.000912* 0.211117* 0.006429*
tCTE A B C
D E F
= − + + + +
+ +
        Model-3 (6.3) 
6.3.2 Analysis of Aged CTE Model 
The aged CTE model presented as Model-3 is analyzed with the laboratory test data of 7 
paving mixes. The results are presented in Figure 6.5. The analysis shows that the model 
fits the experimental data very well and accurately predicts the aged CTE of paving mixes 
at different concrete age. This model can be incorporated in Pavement ME Design software 
to better predict the concrete pavement and overlays performance. 
 
Fig 6.5: Analysis of Model-3 with Laboratory Test Data 
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6.4 Summary 
The currently used CTE prediction model does not consider the effects of age progression 
on long-term CTE of concrete paving mixes. In the present study, models are developed to 
predict long-term CTE incorporating concrete mix proportions, strength properties and 28 
days CTE value. The analysis shows that the model works well for the tested paving mixes 
and can be further refined to be incorporated in Pavement ME Design software. This may 
reduce the inaccuracy in the design of rigid pavements and UBCOs. 
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CHAPTER 7 
 
MODELING CONCRETE PAVEMENTS FOR BENDING STRESSES 
CONSIDERING NONLINEAR THERMAL GRADIENT AND AGED CTE 
 
Concrete pavements are subjected to traffic and environmental loading which induces 
distresses in the pavement slab including cracking and joint faulting. Besides other factors, 
pavement temperature is an important factor in concrete pavement design, and especially, 
daily temperature fluctuations within the concrete slab significantly influence the pavement 
behavior. 
A temperature gradient exists between the top and bottom of the concrete pavement 
slab which results in thermal curling, producing thermal stresses in the pavement. The 
magnitude of curling also affects the degree of support provided by the base layer, which 
impacts the load induced stresses. The thermal stresses in combination with curling and 
load induced stresses result in the cracking of concrete pavement slabs. Westergaard (1927) 
was the first to provide an analytical solution for thermal stresses in concrete pavements. 
The major restrictive assumption of that solution was to consider a linear temperature 
gradient through the slab thickness. Teller and Sutherland (1935) found that the 
temperature distribution through the thickness of the pavement slab is nonlinear, which can 
be attributed to material and geometrical nonlinearities. 
 
 
 
A short version of this chapter is under-review in Elsevier Journal of “Cement & 
Concrete Composites”. 
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Bradbury (1938) extended Westergaard's work to derive an approximate solution to 
determine maximum stresses in finite concrete slab. Lang (1941) found that the difference 
in stresses between nonlinear and linear temperature gradient is not significant enough to 
be considered in pavement analysis. Later, numerous researchers discovered and 
emphasized the significance of temperature nonlinearity as it affects pavement 
performance in a substantial manner. More recently, with the development of the finite 
element (FE) analysis software such as ABAQUS, ANSYS, LS-DYNA, and EverFE more 
researchers are attracted to the use of such tools to determine the effects of thermal curling 
on concrete pavements. Choubane and Tia (1992) stated that assuming a linear temperature 
profile may lead to a significant amount of errors in computing thermal stresses in 
comparison to the nonlinear temperature distribution. While most of the researchers 
worked on thermal curling with a linear temperature gradient, very few have conducted 
investigations with nonlinear temperature profiles of concrete pavement slabs. 
The curling magnitude and related thermal stresses of concrete pavement slab are a 
function of the concrete’s ability to expand and contract with change in temperature. This 
characteristic is measured in terms of the coefficient of thermal expansion (CTE). Higher 
CTE is associated with higher curling and increased thermal stresses. Various researchers 
have found that the CTE of concrete changes with concrete age along with other factors. 
Currently, the CTE value of concrete at 28 days is being used in the design and analysis of 
concrete pavements. However, it is important to know whether CTE value keeps changing 
as concrete ages and whether those changes are significant in terms of curling stresses or 
concrete slab cracking. 
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This part of the study is focused on incorporating the effects of aged CTE values and 
nonlinear temperature distribution on the thermal stresses in the top and bottom fibers of a 
concrete pavement slab. Using the laboratory tested aged CTE values and nonlinear 
temperature gradient, finite element modeling (ABAQUS version 6.14-1) is conducted on 
concrete pavements. 
7.1 Modeling Curling Due to Temperature Gradient 
The magnitude of curling of concrete pavement slab is dependent on the temperature 
gradient. Siddique and Meggers (2005) investigated the field measurement of curling and 
its linkage with the temperature profile on the JPCP test section on Interstate-70. The 
pavement consisted of 12-inch concrete slab, 4-inch cement treated subbase, and 6-inch 
lime treated subgrade. They further analyzed the curling of pavement slab by conducting 
3D FE modeling in ANSYS-2003 using linear temperature gradient and found a good 
correlation between field measurements and the FE analysis results.  
As a first step in the present study, 2D numerical modeling is conducted to determine the 
magnitude of curling for different temperature gradients. This step is considered essential 
to ensure the robustness of FE discretization. All layers are modeled as linear elastic with 
elastic modulus values of 4200 ksi, 950 ksi, and 40 ksi for the concrete slab, base layer, 
and subgrade layer respectively. Poisson ratios are taken as 0.15, 0.15 and 0.2 for the 3 
layers respectively. CTE of concrete is assumed as 5x10-6 in/in/°F. These material 
properties are in accordance with the considered test section used by Siddique and Meggers 
(2005). The temperature differential of +5 °F, +10 °F, +15 °F, and +20 °F are simulated. 
CPS4R elements, which are 4-node bilinear plane stress elements, are used for the 
simulation work. The results presented in Figure 1 show that the positive linear thermal 
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gradient results in downward curling of pavement slab with the magnitude of curling 
increasing as the temperature differential increases. The magnitude of curling is not 
multiplicative as the curling at +20 °F is not double the magnitude of curling at +10 °F. 
The results compare well to the results presented by Siddique and Meggers which validates 
the FE idealization. 
 
Fig 7.1: Comparison of Curling Magnitude by 2D Modeling 
7.2 Comparison of Thermal Stresses Due to Linear and Nonlinear Temperature 
Profile 
As the next step in this study, the effects of linear and nonlinear temperature distribution 
on the thermal stresses in pavement slab are evaluated. The simulations are conducted in 
ABAQUS version 6.14-1, and the results are compared with the analytical, experimental, 
and FE studies conducted by previous researchers. 
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JPCP slab dimensions were 20 ft long, 12 ft wide and 9 in thick. They suggested a quadratic 
equation for temperature distribution as follows: 
2T A Bz Cz= + +        (1)  
where A, B, and C are coefficients that were determined from the measured data; T is the 
temperature in °F; Z is the pavement slab depth, with Z = 0 at the top of the slab and Z = h 
at the bottom of the slab; h is the pavement slab thickness. 
The values of coefficients and temperature differential are given in Table 7.1 and the same 
quadratic profile is used in the present study. It is important to note that this thermal profile 
is not exact, but it is found that the temperature profiles obtained from this quadratic 
equation matches well with the actual thermal profiles in the concrete pavement slab. Thus, 
it is assumed that using the quadratic temperature profile will give comparable results to 
the actual temperature gradients. 
The pavement slab dimensions are assumed analogous to the study conducted by Choubane 
and Tia (1992). The material properties are also retained with an elastic modulus of 4500 
ksi, Poisson’s ratio of 0.2, CTE of 6x10-6 in/in/°F, concrete unit weight of 150 pcf, and 
modulus of subgrade reaction assumed as 300 psi/in. The simulations are conducted in 2D 
using CPS4R elements available in ABAQUS and the elastic foundation is used for 
subgrade. 
Table 7.1: Quadratic Temperature Profile Coefficients and Temperature Differential (8) 
Time A B C ΔT (°F) 
9:00 AM 98.74 -3.32 0.24 10.45 
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11:00 AM 112.32 -4.92 0.26 22.95 
1:00 PM 122.88 -5.95 0.28 30.75 
3:00 PM 109.18 -0.36 -0.14 14.79 
5:00 PM 115.21 -2.55 0.06 18.31 
8:00 PM 96.51 1.73 -0.18 -0.71 
10:00 PM 91.16 1.80 -0.14 -5.16 
12:00 PM 87.81 1.66 -0.10 -7.06 
2:00 AM 85.18 1.61 -0.08 -7.97 
6:00 AM 82.31 1.25 -0.04 -7.88 
 
7.2.1 Linear Temperature Distribution  
The pavement slab is subdivided into 9 layers and linear temperature distribution is 
determined according to the coefficients given in Table 1. The temperature profile through 
the thickness of the slab is shown in Figure 2 and Figure 3 for day time and night time 
respectively. The temperature differential during the day time, i.e., 9 AM to 8 PM varies 
between -0.7 to 30.8 °F. The maximum temperature differential occurs at 1 PM. The 
temperature differential during night time, i.e., 10 PM to 6 AM ranges from -5.2 to -8 °F 
with a maximum value at 2 AM. 
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  Fig 7.2: Comparison of Linear Temperature Profile (Day Time) 
 
 
Fig 7.3: Comparison of Linear Temperature Profile (Night Time) 
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doweled joints. As expected, the maximum longitudinal bending stress occurs at the center 
of the pavement slab, both during day time and night time. The stress profile is also linear. 
Moreover, the comparison of maximum bending stress through the thickness of the slab is 
shown in Figure 4 and Figure 5 for day time and night time respectively. During the day 
time, maximum stress is obtained at 1 PM when the temperature differential is maximum. 
With positive thermal gradient during the day time, (top of the slab at a higher temperature 
than the bottom) downward curling is observed with compressive stresses at the top half 
of the slab and tensile stresses at the bottom half of the slab. The maximum stress is 393.4 
psi at 1 PM. The negative temperature gradient during the night time resulted in upward 
curling with maximum tensile stress at the top of the slab and maximum compressive stress 
at the bottom. The maximum stress level is 102.4 psi at 2 AM. 
 
 
 
Fig 7.4: Stress Comparison During Day Time with Linear Temperature Profile 
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Fig 7.5: Stress Comparison with Linear Temperature Distribution (Night Times) 
 
7.2.3 Comparison of Stress Data with Previous Studies 
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the other two methods. With respect to the analytical method, the stress values of this study 
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difference. However, the stress profile through the thickness of the pavement slab matches 
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used in this study works well and can be further used for nonlinear thermal modeling. 
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Table 7.2:  Comparison of Stress Values with Previous Studies (ksi) 
 
Time Analytical 
(Westergaard, 
1927) 
3D FE (Aure, 
2013) 
2D FE (This 
study) 
Comparison with 
previous studies 
(%) 
 
top  bottom  top  bottom  top  bottom  Analytical 3D FE 
9:00 AM -0.175 0.175 -0.154 0.154 -0.133 0.133 24.0 13.6 
11:00 AM -0.384 0.384 -0.266 0.266 -0.294 0.294 23.4 -10.5 
1:00 PM -0.514 0.514 -0.314 0.314 -0.393 0.393 23.5 -25.2 
3:00 PM -0.247 0.247 -0.197 0.198 -0.188 0.188 23.9 5.1 
5:00 PM -0.306 0.306 -0.229 0.229 -0.234 0.234 23.5 -2.2 
8:00 PM 0.012 -0.012 0.012 -0.012 0.008 -0.008 33.3 33.3 
10:00 PM 0.086 -0.086 0.084 -0.085 0.066 -0.066 23.3 22.4 
12:00 AM 0.118 -0.118 0.112 -0.113 0.090 -0.090 23.7 20.4 
2:00 AM 0.133 -0.133 0.125 -0.126 0.102 -0.102 23.3 19.0 
6:00 AM 0.132 -0.132 0.123 -0.125 0.101 -0.101 23.5 19.2 
 
7.2.4 Nonlinear Temperature Distribution 
The quadratic equation, explained earlier, is used to determine the nonlinear temperature 
profile in the pavement slab and the temperature distribution is shown in Figure 6 and 
Figure 7. The analysis shows that all of the temperature profiles during day and night are 
nonlinear with the same temperature differential as in the linear profiles. These nonlinear 
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temperature distributions may affect the stress values through the thickness of the slab 
based on the nonlinearity.   
 
Fig 7.6: Nonlinear Temperature data (day time) 
 
Fig 7.7: Nonlinear Temperature data (Night time) 
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results is presented in Figure 8 and Figure 9 for day and night time respectively. It is evident 
that the stress profile with nonlinear temperature is highly different as compared to the 
stresses with linear temperature distribution. During the day time, with a positive 
temperature gradient, the pavement slab curls downward inducing compressive stresses in 
the top half of the pavement slab and tensile stresses in the bottom half of the pavement 
slab. The maximum stresses occur at the top and bottom center of the slab. The maximum 
compressive stress of 464 psi is found at 1 PM with the highest temperature differential. 
During the night time, with a negative temperature gradient, the slab shows upward curling 
resulting in tensile stresses at the top and compressive stresses at the bottom of the 
pavement slab. The maximum stress at night time is 122 psi at the top of the slab and occurs 
at 2 AM. The stress values are different than the ones with linear temperature distribution. 
 
 
Fig 7.8: Stress Comparison During Day Time with Nonlinear Temperature Profile 
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Fig 7.9: Stress Comparison During Night Time with Nonlinear Temperature Profile 
7.2.6 Comparison of Bending Stresses with Linear and Nonlinear Temperatures 
The stress profiles with nonlinear temperature and linear temperature are analyzed and the 
comparison is shown in Table 7.3. It is observed that the linear temperature profile 
underestimates the stresses at the top of the slab and overestimates the stresses at the bottom 
in almost all of the simulated scenarios. This confirms the findings from the previous 
research conducted by Aure (11). Most of the bending stresses at the top surface of the slab 
has values of 5% to 85% higher than the stresses with linear temperature. The bottom 
bending stresses with nonlinear temperature are 7% to 106% lower than the linear cases. 
 
7.2.7 Comparison of Nonlinear Cases with Previous Studies 
The results of FE simulations with nonlinear temperature distribution are compared with 
the previous studies conducted by Choubane and Tia, and Aure (8, 11). The comparative 
results are presented in Table 7.4. The analysis shows that the results of the present study 
match well with the previous studies. The stress values at the top of the slab are within 64% 
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to 109% of the previous studies and the bottom stresses are within a range of 60% to 142%. 
The stress profiles through the thickness of the slabs are exactly similar to the previous 
studies, which validates the FE idealization of the present study to be used for next phase 
of this study to determine the increase in bending stresses with aged CTE of paving 
concrete. 
 
Table 7.3:  Comparison of Stresses with Linear and Nonlinear Temperature Distribution 
 
Time Linear Temperature Nonlinear Temperature % Increase/Decrease 
between linear and non-
linear cases        
9:00 AM -0.133 0.133 -0.194 0.073 31.4 -82.2 
11:00 AM -0.294 0.294 -0.360 0.227 18.3 -29.5 
1:00 PM -0.393 0.393 -0.464 0.323 15.3 -21.7 
3:00 PM -0.188 0.188 -0.153 0.225 -22.9 16.4 
5:00 PM -0.234 0.234 -0.248 0.219 5.6 -6.8 
8:00 PM 0.008 -0.008 0.055 0.037 85.5 121.6 
10:00 PM 0.066 -0.066 0.100 -0.032 34.0 -106.3 
12:00 AM 0.090 -0.090 0.115 -0.066 21.7 -36.4 
2:00 AM 0.102 -0.102 0.122 -0.082 16.4 -24.4 
6:00 AM 0.101 -0.101 0.111 -0.091 9.0 -11.0 
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Table 7.4:  Comparison of Stresses with Nonlinear Temperature with Previous Studies 
 
Time 
2D FE 
(Choubane and 
Tia, 1992) 
3D FE (Aure, 
2013) 
2D FE (Present 
study) 
Comparison with previous 
studies (%) 
 
      
Choubane 
and Tia Aure 
        
 
 
 
9:00 AM NA NA -0.251 0.057 -0.194 0.073 NA NA 77.3 128.1 
11:00 AM -0.406 0.214 -0.373 0.159 -0.360 0.227 88.7 106.1 96.5 142.8 
1:00 PM -0.521 0.315 -0.428 0.200 -0.464 0.323 89.1 102.5 108.4 161.5 
3:00 PM -0.176 0.280 -0.140 0.255 -0.153 0.225 86.9 80.4 109.3 88.2 
5:00 PM -0.284 0.242 -0.252 0.206 -0.248 0.219 87.3 90.5 98.4 106.3 
8:00 PM 0.079 0.055 0.086 0.062 0.055 0.037 69.6 67.3 64.0 59.7 
10:00 PM NA NA 0.139 -0.030 0.100 -0.032 NA NA 71.9 106.7 
12:00 AM 0.152 -0.080 0.151 -0.074 0.115 -0.066 75.7 82.5 76.2 89.2 
2:00 AM NA NA 0.157 -0.094 0.122 -0.082 NA NA 77.7 87.2 
6:00 AM 0.143 -0.113 0.140 -0.108 0.111 -0.091 77.6 80.5 79.3 84.3 
 
7.3 Effects of Aged CTE on Stress Levels in Concrete Pavement Slab 
 
7.3.1 FE Modeling of Nonlinear Thermal Stresses using Aged CTE 
Currently, rigid pavement design procedures use CTE values at 28 days to obtain thermal 
stresses. As explained earlier, CTE increases with concrete age so using CTE values at 28 
days may result in underestimation of thermal stresses and further lead to erroneous 
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pavement design. FE modeling is conducted to evaluate the effects of aged CTE in 
comparison to CTE at 28 days on the stress profiles in concrete pavement slab. The FE 
idealization used earlier is re-employed for this purpose. The FE analysis results are 
presented in Table 7.5. 
 
Table 7.5:  Comparison of Bending Stress Results with Aged CTE 
 
Mix 
Type 
 
 
% 
Increase in 
CTE 
 
28 
Days 
CTE 
360 
Days 
CTE 
% 
Increas
e 
28 Days 
CTE 
360 
Days 
CTE 
% 
Increas
e 
 
CA-ID-1 -0.549 -0.585 6.6 0.377 0.401 6.4 6.43 
CA-ID-2 -0.496 -0.531 7.1 0.343 0.367 7.0 6.89 
CA-ID-3 -0.299 -0.334 11.7 0.207 0.232 12.1 11.79 
CA-ID-4 -0.377 -0.405 7.4 0.263 0.281 6.8 7.59 
CA-ID-5 -0.296 -0.328 10.8 0.206 0.228 10.7 10.87 
CA-ID-6 -0.241 -0.271 12.4 0.168 0.189 12.5 12.63 
 
The results show that the longitudinal bending stresses at the top and bottom of the 
pavement slab increase significantly with an increase in CTE values. The increase in stress 
values ranges from 6.4% to 12.5%. This increase in stresses may result in increased 
distresses and early deterioration of concrete pavements. It is evident from these results 
that concrete pavement designed with CTE value at 28 days may not perform well through 
its designed service life.  
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7.4 Summary 
Numerical modeling is conducted to evaluate the effects of nonlinear thermal gradient on 
the stress levels of jointed plain concrete pavements. It is found that nonlinear temperature 
distribution results in higher stress levels, up to 34%, in the top fiber of pavement slab in 
comparison to the linear temperature profile. The stress levels in the bottom fiber of the 
pavement slab reduce with nonlinear temperature, compared to linear temperature. It 
became evident from the experimental data that CTE of concrete increases up to 12% with 
concrete age from 28 days to 360 days and this increase may affect the design and 
performance of concrete pavements. FE modeling results prove that the bending stresses 
in the top and bottom fibers of the pavement slab increase in the range of 6.6% to 12.4% 
with aged CTE in comparison to the CTE value at 28 days. This may result in increased 
distresses in the pavement slab during its service life and using CTE value at 28 days may 
result in erroneous pavement design. 
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CHAPTER 8 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
8.1   General 
This study investigates the effects of age progression on the CTE of paving concrete and 
further quantification of the impact of aged CTE on the design, performance, and service 
life of the unbonded concrete overlays (UBCOs). Seven concrete paving mixes from 
various districts of NM were utilized in this study. Extensive experimental work (up to the 
age of 360 days) was conducted on cylindrical and beam specimens to obtain time series 
data of CTE, compressive strength, elastic modulus, and MOR. The simulations for 
UBCOs were conducted in Pavement ME Design software to quantify the effects of aged 
CTE on the performances and service life of UBCOs. To verify the effects of CTE increase 
on different state of stresses in overlay slab, numerical modeling was conducted using 
ABAQUS. The effects of aged CTE on the bending stresses were evaluated incorporating 
nonlinear thermal gradient. Findings of different phases of this study and related 
conclusions along with the recommendations for further study are summarized in this 
chapter. 
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8.2 Conclusions 
8.2.1 Effects of Coarse Aggregate Mineralogy on Coefficient of Thermal Expansion of 
Paving Concrete 
The CTE values of the tested mixes vary over a fairly large range from 3.71 to 5.95 μԐ/˚F. 
The CTE values of CA-ID-1, 2, 4, 6, and 7 (prepared with Granite, Dolomite, Basalt, and 
Quartzite as coarse aggregates) are consistently higher than that of CA-ID-3 and 5 which 
are Limestone mixes. This confirms the previous research that concrete with Limestone 
aggregate has the lowest CTE value as compared to other minerals. The CTE values of 
these paving mixes differ from the default values being used in rigid pavement design but 
tested CTE values of 6 mixes are within the upper and lower bounds of LTPP (Long-term 
pavement performance) test data. Only the CTE of CA-ID-7 is slightly higher than the 
upper bound of default data. This study suggets that any paving concrete mix should be 
tested for accurate CTE value before the design of rigid pavement as using default CTE 
value may result in inaccurate design. 
8.2.2 Effects of Age Progression on Coefficient of Thermal Expansion of Paving 
Concrete 
The test data shows an increasing trend of CTE values for all the paving mixes from 28 
days to 360 days. It is also evident that the CTE of all the paving mixes increases with age. 
The difference in CTE between 28 days and 360 days ranges from 0.33 μԐ/˚F to 0.55 μԐ/˚F 
with a percent increase of 6.4% to 12.6% for the tested paving mixes. The increase in CTE 
is different for different paving mixes which can be attributed to the difference in mix 
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design proportions and different (mineralogy) coarse aggregates being used. This variation 
in CTE may affect the performance of UBCO. General practice of using 28 days CTE value 
in rigid pavement design may result in erroneous pavement design. The aged CTE value 
will result in the increased magnitude of curling and related stresses over the designed 
service life of the pavement which may result in an increase in pavement distresses and a 
decrease in pavement service life. 
8.2.3 Proposed Models for Interconversion of Compressive Strength into Elastic 
Modulus and Modulus of Rupture 
In this study, regression models were developed for interconversion of compressive 
strength, elastic modulus, and MOR. Further analyses showed that these models give better 
results for NMDOT paving mixes in comparison with the Pavement ME default models. It 
is evident that local calibration of default models is necessary to obtain accurate pavement 
design. Use of default models may lead to inaccuracies in the design of concrete pavements 
and UBCOs. 
8.2.4 Impact of Aged CTE on Design, Performance, and Service Life of UBCOs 
A significant decrease in overlay performance is observed incorporating aged CTE in the 
design simulations. The results show an increase in all of the distress indicators including 
transverse cracking, joint faulting, and pavement roughness. The reason for this is an 
increase in the magnitude of curling which induces greater bending stresses in the 
pavement slab. Transverse cracking shows a percent increase of 1.6 to 9.7%, joint faulting 
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shows a percent increase of 10% to 19.9%, while the percent increase in IRI is 3.5% to 
10.2%. 
Further analysis to determine the reduction of overlay service life with an increase in CTE 
from 28 days to 360 days is conducted for all the concrete mixes. The reduction in overlay 
service life ranges between 4 to 13 years. It is evident from these results that a UBCO 
designed with 28 days CTE value may not be able to perform up to the designed service 
life as the distresses increase with an increase in CTE value which may result in the early 
failure of overlay pavement. 
8.2.5 Effects of Mix Design Variables on CTE Increase with Age Progression 
The effects of the volume of cement paste and water are evaluated with regards to the 
increase of CTE of concrete with age progression. The volume of cement paste varies 
between 27.3% to 32.6% as %age of the total volume of mixes. It is observed that there is 
no visible trend between the cement paste volume and CTE increase. It can be noted that 
only a limited number of mixes used in this study. More paving mixes should be 
incorporated to define the effects of cement paste volume on the CTE increase with 
concrete age. The increase in CTE of tested mixes is also evaluated with regards to the 
volume of mixing water of these paving mixes. The mixing water varies between 9.4% to 
14.6% of the total mix volume and there is no regular trend observed between the CTE 
increase with concrete age and the volume of mixing water. 
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8.2.6 Long-term Prediction of CTE of Paving Concrete 
Previously, there existed no prediction models for long-term CTE of concrete paving 
mixes. In the present study, models are developed to predict long-term CTE incorporating 
concrete mix proportions, strength properties and 28 days CTE value. The analysis shows 
that the model works well for the tested paving mixes and can be further refined to be 
incorporated in Pavement ME Design software. This may reduce the inaccuracy in the 
design of rigid pavements and UBCOs. 
8.2.7 Bending Stresses in Pavement Slab with Aged CTE and Non-linear Thermal 
Gradient 
A nonlinear thermal gradient exists in concrete pavement slab, which is incorporated in 
numerical modeling conducted using ABAQUS to evaluate the effects of aged CTE on 
bending stresses in concrete pavement slab. The modeling results show that the bending 
stresses in the top and bottom fibers of the pavement slab increase in the range of 6.6% to 
12.4% with aged CTE in comparison to the CTE value at 28 days. This increase in stresses 
may result in increased distresses in the pavement slab during its service life and using 
CTE value at 28 days may result in erroneous pavement design. 
 
8.3 Recommendations for Further Study 
The effect of age progression on the CTE of paving concrete and further impact on UBCO 
performance and reduction in service life are investigated in this study. Experimental work, 
Pavement ME simulations, and FE modeling are conducted to better understand and 
quantify these effects. Following recommendations are made for future study. 
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• The prediction models for long-term CTE determination are developed in this 
study with the test data of 6 paving mixes up to the age of 360 days. These models 
need to be improved with more long-term CTE test data such that CTE predictions 
are more accurate. 
• Thermal expansion of concrete is caused by re-distribution of water between 
capillary pores and gel pores in the cement paste with a change in concrete’s 
temperature. The volume of these pores changes with the ongoing hydration 
process in the cement paste but there is limited research on the magnitude of these 
changes in pore volume. This is a microstructural study of concrete which should 
be conducted to relate the change in CTE value and change in pore volume for a 
better understanding of the said mechanism. 
• Pavement ME Design software is extensively being used in the United States for 
the design of rigid pavements and overlays and the general practice is to use 28 
days CTE input in the design process. The increase in CTE from 38 days to 360 
days of all the tested mixes warrants the inclusion of long-term CTE prediction 
model in the design process and software. Thus, there is a need to incorporate CTE 
prediction model in the design. 
• The increase in CTE values between 28 days and 360 days were observed during 
the laboratory testing. This increase in CTE with concrete age needs to be related 
to the field conditions by laboratory testing of CTE specimens collected from the 
in-service concrete pavement sections at various concrete ages. 
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APPENDIX A 
Table A-4.1: CTE Test Results of CA-ID-7 (Replicate Specimens) 
   
  
Specimen Identification   7-28-1 7-28-2 
Specimen Diameter mm     
Specimen L0 mm 177.2950 183.1100 
Frame Serial No.   169176 171759 
Frame Cf mm/mm/°C 16.185E-6 15.570E-6 
FCS Serial No.   132102D 133601B 
FCS CTE mm/mm/°C 9.300E-6 16.100E-6 
Cf Calibration Date   2/10/2018 3/10/2017 
Cf Verification Date   3/13/2017 3/13/2017 
T1 °C 49.86 49.86 
T2 °C 9.48 9.48 
T3 °C 49.86 49.86 
ΔT1 =T2-T1 °C -40.38 -40.38 
ΔT2 =T3-T2 °C 40.38 40.38 
L1 mm 0.14757 0.04566 
L2 mm 0.18673 0.08157 
L3 mm 0.14781 0.04549 
ΔLm1 = L2-L1 mm 0.03917 0.03591 
ΔLm2 = L3-L2 mm -0.03893 -0.03608 
ΔLf1 = Cf*L0*ΔT1 mm -0.11588 -0.11513 
ΔLf2 = Cf*L0*ΔT2 mm 0.11588 0.11513 
ΔLa1 = ΔLm1+ ΔLf1 mm -0.07672 -0.07923 
ΔLa2 = ΔLm2+ ΔLf2 mm 0.07695 0.07905 
CTE1  = ΔLa1/L0/ΔT1 mm/mm/°C 10.715E-6 10.714E-6 
CTE2  = ΔLa2/L0/ΔT2 mm/mm/°C 10.748E-6 10.691E-6 
CTEavg mm/mm/°C 10.732E-6 10.702E-6 
CTEavg in/in/°F 5.962E-6 5.946E-6 
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Specimen 
Identification   7-28-3 7-28-4 
Specimen Diameter Mm     
Specimen L0 Mm 178.9250 176.5600 
Frame Serial No.   169176 171759 
Frame Cf mm/mm/°C 16.185E-6 15.570E-6 
FCS Serial No.   132102D 133601B 
FCS CTE mm/mm/°C 9.300E-6 16.100E-6 
Cf Calibration Date   2/10/2018 3/10/2017 
Cf Verification Date   3/13/2017 3/13/2017 
T1 °C 49.86 49.86 
T2 °C 9.45 9.45 
T3 °C 49.86 49.86 
ΔT1 =T2-T1 °C -40.41 -40.41 
ΔT2 =T3-T2 °C 40.41 40.41 
L1 Mm 0.14220 0.04981 
L2 Mm 0.18131 0.08475 
L3 Mm 0.14238 0.04965 
ΔLm1 = L2-L1 Mm 0.03911 0.03494 
ΔLm2 = L3-L2 Mm -0.03894 -0.03509 
ΔLf1 = Cf*L0*ΔT1 Mm -0.11701 -0.11108 
ΔLf2 = Cf*L0*ΔT2 Mm 0.11701 0.11108 
ΔLa1 = ΔLm1+ ΔLf1 Mm -0.07790 -0.07614 
ΔLa2 = ΔLm2+ ΔLf2 Mm 0.07808 0.07598 
CTE1  = ΔLa1/L0/ΔT1 mm/mm/°C 10.775E-6 10.672E-6 
CTE2  = ΔLa2/L0/ΔT2 mm/mm/°C 10.800E-6 10.651E-6 
    
CTEavg mm/mm/°C 10.787E-6 10.662E-6 
CTEavg in/in/°F 5.993E-6 5.923E-6 
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Specimen 
Identification   7-28-5 7-28-6 
Specimen Diameter Mm     
Specimen L0 Mm 181.0000 187.3750 
Frame Serial No.   169176 171759 
Frame Cf mm/mm/°C 16.185E-6 15.570E-6 
FCS Serial No.   132102D 133601B 
FCS CTE mm/mm/°C 9.300E-6 16.100E-6 
Cf Calibration Date   2/10/2018 3/10/2017 
Cf Verification Date   3/13/2017 3/13/2017 
T1 °C 49.83 49.83 
T2 °C 9.45 9.45 
T3 °C 49.86 49.86 
ΔT1 =T2-T1 °C -40.38 -40.38 
ΔT2 =T3-T2 °C 40.41 40.41 
L1 Mm 0.14491 0.04635 
L2 Mm 0.18513 0.08303 
L3 Mm 0.14497 0.04615 
ΔLm1 = L2-L1 Mm 0.04022 0.03668 
ΔLm2 = L3-L2 Mm -0.04016 -0.03688 
ΔLf1 = Cf*L0*ΔT1 Mm -0.11830 -0.11781 
ΔLf2 = Cf*L0*ΔT2 Mm 0.11838 0.11789 
ΔLa1 = ΔLm1+ ΔLf1 Mm -0.07809 -0.08114 
ΔLa2 = ΔLm2+ ΔLf2 Mm 0.07823 0.08101 
CTE1  = ΔLa1/L0/ΔT1 mm/mm/°C 10.683E-6 10.723E-6 
CTE2  = ΔLa2/L0/ΔT2 mm/mm/°C 10.695E-6 10.699E-6 
    
CTEavg mm/mm/°C 10.689E-6 10.711E-6 
CTEavg in/in/°F 5.938E-6 5.950E-6 
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Table A-5.1: Summary of Compressive Strength Results 
CA-ID-1 
Compressive 
Strength (psi) 7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 6009 6664 7723 8962 9591 10103 
Test-2 6007 6256 7696 9234 9400 10247 
Test-3 5809 6525 7664 9156 9491 10159 
Average 5941 6482 7694 9117 9494 10170 
CA-ID-2 
 
7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 4894 5221 5823 6590  7457 7754 
Test-2 4737 5348 5787  6331 7398 7612 
Test-3 4443 5298 5685  7214 7291 7485 
Average 4691 5289 5765  6711 7382 7617 
CA-ID-3 
 
7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 4258 4849 5785  7674 7388 7897 
Test-2 4394 5043 5481  6804 7528 7602 
Test-3 4074 4545 5325  6879 7491 7816 
Average 4242 4812 5530  7119 7469 7772 
CA-ID-4 
 
7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 3298 3901 4730 5178 5637 6114 
Test-2 3160 3477 4218 5223 5793 5932 
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Test-3 3186 3597 4318 5181 5691 6121 
Average 3215 3658 4422 5194 5707 6056 
CA-ID-5 
 
7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 3597 4301 4805 5873 6652 7147 
Test-2 3529 4408 4788 6093 6726 6848 
Test-3 3724 4245 4693 6176 6592 6914 
Average 3617 4318 4762 6047 6657 6970 
CA-ID-6 
 
7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 4117 5095 5021 6208 7548  7836 
Test-2 4308 4629 5413 6809 6877  7726 
Test-3 4080 4853 5571 6976 7941  7853 
Average 4168 4859 5335 6664 7455  7805 
CA-ID-7 
 
7 Days 14 Days 28 Days 90 Days 180 Days 360 Days 
Test-1 3370 4219 4776 5446 5750 - 
Test-2 3743 4004 4730 5350 6088 - 
Test-3 3514 4279 4707 5931 6069 - 
Average 3542 4167 4738 5576 5969 - 
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Table A-5.2: Summary of Elastic Modulus Results 
CA-ID-1 
Elastic Modulus  
(E6 Psi) 7 Days 14 Days 28 Days 90 Days 
Test-1 5.92 6.16 6.49 7.28 
Test-2 5.98 6.23 6.41 7.23 
Test-3 6.05 6.14 6.3 7.36 
Average 5.98 6.18 6.40 7.29 
CA-ID-2 
  7 Days 14 Days 28 Days 90 Days 
Test-1 4.37 4.69 5.41 6.27  
Test-2 4.37 4.54 5.38 6.32 
Test-3 4.33 4.53 5.46 6.17  
Average 4.36 4.59 5.42 6.25  
CA-ID-3 
  7 Days 14 Days 28 Days 90 Days 
Test-1 3.62 4.31 4.62 5.23  
Test-2 3.58 4.19 4.71 5.21  
Test-3 3.56 4.17 4.76  5.19 
Average 3.59 4.22 4.70  5.21 
CA-ID-4 
  7 Days 14 Days 28 Days 90 Days 
Test-1 3.61 3.75 4.36 4.62 
Test-2 3.67 3.68 4.29 4.63 
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Test-3 3.64 3.68 4.31 4.55 
Average 3.64 3.70 4.32 4.60 
CA-ID-5 
  7 Days 14 Days 28 Days 90 Days 
Test-1 3.78 3.97 4.29 4.81 
Test-2 3.81 3.94 4.13 4.79 
Test-3 3.76 4.01 4.15 4.76 
Average 3.78 3.97 4.19 4.79 
CA-ID-6 
  7 Days 14 Days 28 Days 90 Days 
Test-1 2.53 2.91 3.18 4.45 
Test-2 2.52 2.99 3.13 4.51 
Test-3 2.54 3.02 3.15 4.39 
Average 2.53 2.97 3.15 4.45 
CA-ID-7 
  7 Days 14 Days 28 Days 90 Days 
Test-1 3.25 3.33 3.98 4.45 
Test-2 3.26 3.29 3.95 4.46 
Test-3 3.23 3.3 3.98 4.51 
Average 3.25 3.31 3.97 4.47 
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Table A-5.3: Comparison of Developed Models and ME Design Model 
 
Concrete 
Age 
(Days) 
CA-ID 
Compressive 
Strength 
(psi) 
Measured 
Elastic 
Modulus (psi) 
Power Model 
Prediction 
0.5 Power 
Model 
Prediction 
ME Default 
Model 
Prediction 
7 1 5941 5.98E+06 5.13E+06 4.92E+06 4.39E+06 
7 2 4691 4.36E+06 4.25E+06 4.37E+06 3.90E+06 
7 3 4242 3.59E+06 3.92E+06 4.15E+06 3.71E+06 
7 4 3215 3.64E+06 3.14E+06 3.62E+06 3.23E+06 
7 5 3617 3.78E+06 3.45E+06 3.84E+06 3.43E+06 
7 6 4168 2.53E+06 3.87E+06 4.12E+06 3.68E+06 
14 1 6482 6.18E+06 5.50E+06 5.14E+06 4.59E+06 
14 2 5289 4.59E+06 4.68E+06 4.64E+06 4.15E+06 
14 3 4812 4.22E+06 4.34E+06 4.43E+06 3.95E+06 
14 4 3658 3.70E+06 3.48E+06 3.86E+06 3.45E+06 
14 5 4318 3.97E+06 3.98E+06 4.19E+06 3.75E+06 
14 6 4859 2.97E+06 4.37E+06 4.45E+06 3.97E+06 
28 1 7694 6.40E+06 6.30E+06 5.60E+06 5.00E+06 
28 2 5765 5.42E+06 5.01E+06 4.84E+06 4.33E+06 
28 3 5530 4.70E+06 4.85E+06 4.74E+06 4.24E+06 
28 4 4422 4.32E+06 4.05E+06 4.24E+06 3.79E+06 
28 5 4762 4.19E+06 4.30E+06 4.40E+06 3.93E+06 
28 6 5335 3.15E+06 4.71E+06 4.66E+06 4.16E+06 
90 1 9117 7.29E+06 7.22E+06 6.09E+06 5.44E+06 
90 2 6711 6.25E+06 5.65E+06 5.23E+06 4.67E+06 
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90 3 7119 5.21E+06 5.93E+06 5.38E+06 4.81E+06 
90 4 5194 4.60E+06 4.61E+06 4.60E+06 4.11E+06 
90 5 5408 4.79E+06 4.76E+06 4.69E+06 4.19E+06 
90 6 6664 4.45E+06 5.62E+06 5.21E+06 4.65E+06 
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Table A-5.4: Summary of MOR Values 
 
CA-ID-1 
Flexural Strength (psi) 7 Days 14 Days 28 Days 90 Days 
Test-1 797 896 942 1113 
Test-2 861 895 963 1076 
Test-3 756 894 930 967 
Average 805 895 945 1052 
CA-ID-2 
  7 Days 14 Days 28 Days 90 Days 
Test-1 829 821 963  910  
Test-2 792 854 881 937 
Test-3 831 862 894 904 
Average 817 846 913  917  
CA-ID-3 
  7 Days 14 Days 28 Days 90 Days 
Test-1 606 688 799 985 
Test-2 622 686 768  971  
Test-3 691 724 795 849 
Average 640 699 787  935  
CA-ID-4 
  7 Days 14 Days 28 Days 90 Days 
Test-1 626 621 677 784 
Test-2 579 675 728 774 
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Test-3 577 626 665 773 
Average 594 641 690 777 
CA-ID-5 
  7 Days 14 Days 28 Days 90 Days 
Test-1 555 657 643 782 
Test-2 543 587 656 788 
Test-3 567 583 678 844 
Average 555 609 659 805 
CA-ID-6 
  7 Days 14 Days 28 Days 90 Days 
Test-1 606 668 751 867 
Test-2 557 655 642 904 
Test-3 634 658 758 809 
Average 599 660 717 860 
CA-ID-7 
  7 Days 14 Days 28 Days 90 Days 
Test-1 479 504 560 687 
Test-2 461 506 566 722 
Test-3 468 497 546 698 
Average 469 502 557 702 
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Table A-5.5: Comparison of Proposed Model vs ME Default Model 
Concrete 
Age 
(Days) 
CA-ID 
Compressive 
Strength (psi) 
Measured 
Flexural 
Strength (psi) 
Power Model 
Prediction 
(psi) 
0.5 Power 
Model 
Prediction 
(psi) 
ME Default 
Model 
Prediction 
(psi) 
7 1 5941 805 820.87 814.71 732.24 
7 2 4691 817 706.54 723.95 650.66 
7 3 4242 640 662.82 688.43 618.74 
7 4 3215 594 555.85 599.33 538.66 
7 5 3617 555 599.03 635.70 571.34 
7 6 4168 599 655.45 682.40 613.32 
14 1 6482 895 867.57 851.00 764.85 
14 2 5289 846 762.47 768.71 690.89 
14 3 4812 699 718.06 733.23 659.00 
14 4 3658 641 603.33 639.29 574.57 
14 5 4318 609 670.33 694.57 624.26 
14 6 4859 660 722.50 736.80 662.21 
28 1 7694 945 967.32 927.15 833.30 
28 2 5765 913 805.35 802.55 721.31 
28 3 5530 787 784.34 786.03 706.46 
28 4 4422 690 680.54 702.89 631.73 
28 5 4762 659 713.31 729.41 655.57 
28 6 5335 717 766.67 772.04 693.89 
90 1 9117 1052 1077.36 1009.26 907.09 
90 2 6711 917 886.91 865.90 778.25 
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90 3 7119 935 920.77 891.83 801.55 
90 4 5194 777 753.74 761.77 684.66 
90 5 6047 805 830.14 821.95 738.74 
90 6 6664 860 882.96 862.86 775.52 
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Table A-5.6: Performance Predictions with Change in Input Levels 
  Level-1 Inputs Level-3 Inputs 
Mix Type 
Cracking 
(%) 
Faulting 
(in) 
IRI 
(in/mile) 
Cracking 
(%) 
Faulting 
(in) 
IRI 
(in/mile) 
CA-ID-1 4.98 0.08 125.12 5.22 0.07 116.86 
CA-ID-2 9.42 0.09 130.26 8.89 0.06 114.43 
CA-ID-3 1 0.04 99.99 5.51 0.05 107.02 
CA-ID-4 10.09 0.07 118.16 36.98 0.07 141.33 
CA-ID-5 2.65 0.05 102.61 7.49 0.05 106.86 
CA-ID-6 1 0.05 103.45 5.9 0.05 106.96 
CA-ID-7 100 0.09 224.77 30.16 0.07 135.8 
 
 
 
 
 
 
 
 
 
 
